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Abstract

Background, Aim and Scope. Coastal and river plains are the
surfaces of depositional systems, to which sediment input is a
parameter of key-importance. Their habitation and economic
development usually requires protection with dikes, quays, etc.,
which are effective in retaining floods but have the side effect of
impeding sedimentation in their hinterlands. The flood-protected
Dutch lowlands (so-called dike-ring areas) have been sediment-
starved for up to about a millennium. In addition to this, peat
decomposition and soil compaction, brought about by land drain-
age, have caused significant land subsidence. Sediment deficiency,
defined as the combined effect of sediment-starvation and drain-
age-induced volume losses, has already been substantial in this
area, and it is expected to become urgent in view of the fore-
casted effects of climate change (sea-level rise, intensified precipi-
tation and run-off). We therefore explore this deficiency, com-
pare it with natural (Holocene) and current human sediment
inputs, and discuss it in terms of long-term land-use options.

Materials and Methods. We use available 3D geological models
to define natural sediment inputs to our study area. Recent progress
in large-scale modelling of peat oxidation and compaction ena-
bles us to address volume loss associated with these processes.
Human sediment inputs are based on published minerals statis-
tics. All results are given as first-order approximations.

Results. The current sediment deficit in the diked lowlands of
the Netherlands is estimated at 136 + 67 million m3/a. About
85% of this volume is the hypothetical amount of sediment re-
quired to keep up with sea-level rise, and 15% is the effect of
land drainage (peat decomposition and compaction). The aver-
age Holocene sediment input to our study area (based on a total
of 145 km3) is ~14 million m3/a, and the maximum (millen-
nium-averaged) input ~26 million m3/a. Historical sediment
deficiency has resulted in an unused sediment accommodation
space of about 13.3 km3. Net human input of sediment material
currently amounts to ~23 million m3/a.

Discussion. As sedimentary processes in the Dutch lowlands have
been retarded, the depositional system's natural resilience to sea-
level rise is low, and all that is left to cope is human counter-
measure. Preserving some sort of status quo with water man-
agement solutions may reach its limits in the foreseeable future.
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The most viable long-term option therefore seems a combina-
tion of allowing for more water in open country (anything from
flood-buffer zones to open water) and raising lands that are to
be built up (enabling their lasting protection). As to the latter,
doubling or tripling the use of filling sand in a planned and
sustained effort may resolve up to one half of the Dutch sedi-
ment deficiency problems in about a century.

Conclusions, Recommendations and Perspectives. We conclude
that sediment deficiency — past, present and future — challenges
the sustainable habitation of the Dutch lowlands. In order to
explore possible solutions, we recommend the development of
long-term scenarios for the changing lowland physiography,
that include the effects of Global Change, compensation meas-
ures, costs and benefits, and the implications for long-term
land-use options.

Keywords: Climate proofing; Global Change; land subsidence;
land use; lowlands; sea-level rise; sediment budgets; sediment
deficits; sediment management; spatial planning; The Nether-
lands; water management

Introduction

Coastal and river plains host some of the world's largest
population concentrations and economic centres. In geologi-
cal terms, they are the surfaces of sediment bodies that ac-
cumulate between the continental and marine domains.
While the overall setting is determined tectonically, their
natural development is largely climate-driven, through com-
binations of terrestrial and marine processes and conditions
(e.g. run-off, sediment transport, vegetation coverage, sea-
level variation, tides, and storm, wave and currents action).
Each of these act and vary on timescales ranging from geo-
logical to human. Over the last few years, a general feeling
of control over some of these factors has been replaced with
concern, due to expected effects of climate change such as
sea-level rise and higher precipitation intensities. As recently
shown by the flooding of New Orleans, coastal and river
plains are vulnerable, and new strategies for their sustain-
able habitation and economical development are called for.

Natural sedimentary processes, such as periodical flooding
or channel shifting, are restricted or prevented altogether in
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inhabited lowland areas. Usually, the effects of this restric-
tion on sediment distribution are recognised only at places
where active sedimentation can still occur, for example in or
next to river channels. Deposition rates tend to be high when
sedimentation space is confined, and when this imposes a
problem, it is mostly solved by dredging. In contrast, the
fact that water management also inevitably results in areas
of non-deposition is generally underappreciated, as are the
potential consequences. Governed by the aforementioned
processes, natural lowlands essentially develop in a steady-
state equilibrium between supplies of sediments and the ac-
commodation space for their deposition. In such a system,
retarded sediment inputs should in principle be regarded as
sediment deficits, rather than as some sort of standstill.

This article explores sediment deficiency in the diked, sedi-
ment-starved parts of the Dutch lowlands. For this purpose,
we present estimates of: (1) the hypothetical amount of sedi-
ment that would be required to keep up with the predicted
sea-level rise, (2) volume losses associated with peat oxida-
tion and compaction, and (3) human inputs of sediment
material. The sum of these volumes is compared with the
net natural sediment inputs in the recent geological past.
We discuss the resulting sediment deficit in terms of long-
term land-use options, with special reference to sediment
and water management.

1 Materials and Methods

The Geological Survey of the Netherlands manages the Dutch
national database for geological data, which contains about
380,000 borehole descriptions, and it carries out a national
geological mapping programme. Both data and mapping
results provide the natural reference for the sediment bal-
ance of our study. Recent progress in large-scale forward
modelling of peat oxidation and compaction enables us to
address the volume losses associated with these processes.
Finally, human inputs are based on published statistics. More
details of the data and methods used are outlined below for
each component in the sediment balance.

Sediment inputs and losses, present and past, are given as
first-order approximations. We feel this solution level to be
sufficient for the purpose of this study, which is to discuss
whether or not problems associated with sediment starva-
tion are manageable. The main effort has been put in pre-
senting pertinent processes in terms of the sediment volumes
involved. Rates of sedimentation, compaction and peat oxi-
dation are usually given one-dimensionally, e.g. in cm/a, while
a volume approach is required for a full appreciation of the
impacts of these processes, as well as for comparisons be-
tween one another. Note that ages are given in calendar years
BP rather than C14 years.

2 Results
2.1 The Holocene as a natural frame of reference

The Holocene is distinguished as a composite lithostrati-
graphic unit in the Dutch geological survey's mapping pro-
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gramme (De Mulder at al. 2003, TNO 2006a). It consists of
(1) coastal, back-barrier and estuarine deposits, (2) fluvial
deposits of the Rhine and Meuse rivers, and (3) a variety of
local deposits such as brook sediments and peat, all of which
were deposited after the most recent glaciation, i.e. from 11,500
years BP onwards. The mapping programme has resulted in a
national 2.5D stacked grid model of the boundary surfaces of
all Quaternary and Tertiary formations. The model, which
has a grid-cell size of 250 by 250 m, has been constructed by
interpolating ~22,000 interpreted boreholes in the entire coun-
try. Fig. 1 shows a map of the distribution and thickness of the
Dutch Holocene deposits, thickness having been obtained by
subtracting the Holocene base from a digital terrain model
with equal resolution. Rather than the coastline, we use the
20 m isobath, which approximately corresponds to the base
of the shoreface (Van Alphen & Damoiseaux 1989), to dis-
tinguish the Holocene coastal and terrestrial deposits of in-
terest from their open marine equivalents.

The Dutch Holocene deposits (including sub-aquatic coastal
sequences) has a surface area of 29,858 km2, and a total
volume of ~275 km3. The average net accumulation of sedi-
ment over the last 11,500 years is ~24 million m3/a. Based
on facies architecture and a proposed correlation of sedi-
mentation rate to sea-level rise, Beets & Van der Spek (2000)
estimate about 60% of the Dutch coastal sediments to have
been deposited between 8850 and 5750 years BP, 30% be-
tween 5750 and 3150 years BP, and 10% from 3150 years
BP to date. Their definition of coastal sediments includes
the western and northern 226 km3 of Holocene sediments,
i.e. the bulk of the entire series. Erkens et al. (2006) report a
different trend for the Holocene floodplain deposits of the
river Rhine; recalculating their rates to sediment-input esti-
mates for the aforementioned time slices results in propor-
tions of 31%, 29% and 41%, respectively. We have upscaled
these values to the entire terrestrial Holocene volume, i.e.
the remaining 49 km3, and combined them with the results
of Beets and Van der Spek (2000). The resulting net sedi-
ment inputs for the three time slices are 49 million m3/a, 31
million m3/a and 14 million m3/a, respectively. Van der Spek
(2004) shows that sub-millennial and regional variation in
early Holocene sedimentation rates is considerable: the high-
est rate observed is ~40 times the average for that period.

2.2 Non-deposition as a result of water management

19,439 km? (56 %) of the Dutch land surface is encompassed
in so-called 'dike rings' (dijkringen), i.e. protected by closed
rings of primary dikes (including sluices), and natural flood
barriers such as dunes or higher grounds. 'Dike-ring areas'
(dijkringgebieden) are compartmented by secondary dikes,
that mainly separate different drainage subsystems but may
offer additional flood protection. Diking started as early as
~1000 AD (e.g. Middelkoop 1997), and the subsequent, ever-
increasing control over water eventually resulted in the cur-
rent flood-protection system. The flood barriers of each dike
ring are dimensioned to provide legally defined safety lev-
els, expressed as flooding chances that vary between 1 /
10,000 years in the coastal area to 1/ 1,250 years elsewhere.

J Soils Sediments 7 (1) 2007
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Fig. 1: Map of the Netherlands showing the thickness and extent of the Holocene deposits, and the so-called dike-ring areas, where sedimentation has
been suspended. Holocene terrestrial and coastal sediments (green shading) show a west- and northward thickening. Their marine equivalents (blue
shading) are not taken into account in the present study. In the eastern and southern uplands (mainly Pleistocene of age), Holocene sedimentation is
limited to the valleys of brooks and small rivers. See text for further explanation

Dike-ring areas cover almost the entire onshore Holocene
surface (see Fig. 1). Not only have these areas been cut off
from the main sources of clastic sediment, their drainage
and cultivation have put an end to peat formation. Peat has
been fundamental to the development of the Dutch lowlands.
Raised bogs, i.e. peat accumulations with a positive, dome-
shaped topography, have reached heights up to ~4 m above
base level, and closed the larger part of the coastal plain for
clastic depositional systems in mid Holocene times. Peatlands
were exploited for fuel (turf) and salt, and cultivated from
mediaeval times onwards. Collapse of bog domes, peat ex-
traction and suspending peat formation have significantly
increased potential sediment accommodation space in the
Dutch lowlands.

The total volume of Holocene sediments in the dike-ring
areas' subsurface is about 145 km3, which implies that the
currently sediment-starved lowlands used to receive a net
average of 13 million m3/a of sediment during the Holocene,
or 14 million m3/a when assuming sediment starvation from
mediaeval times onwards. Analogous to the above estimates
for the entire Holocene series, net sediment inputs would
have been 26 million m3/a from 8850 to 5750 years BP, 17
million3/a from 5750 to 3150 years BP, and 10 million m3/a
from 3150 to 1000 years BP.

Van der Meulen et al. (2005) have presented national aggre-
gate resource estimates, based on a 3D lithological voxel
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model. The model was upgraded, as part of the follow up of
this minerals work, the main improvements being the reso-
lution (250 by 250 by 1 m, instead of 1000 by 1000 by
1 m), and the use of nationally mapped formation bounda-
ries as interpolation constraints (TNO 2006b). We used the
upgraded model version to estimate the proportions of vari-
ous lithologies within the Holocene deposits (Fig. 2; onshore
sequences only). The predominant component is sand and
gravel (59.5%), clay and peat amount to 33.0 and 7.5%,
respectively. In the dike-ring areas, these proportions are
49.7%, 40.3% and 10.0%, respectively. The value of peat
is underestimated, as both the amounts that have been ex-
tracted, and the volume losses due to collapse and decom-
position are not represented.

The only active sedimentation taking place within the con-
finement of the dike rings is redeposition of sediment mate-
rial, or the deposition of algae, micro-organisms and other
organic matter (e.g. dy or gyttja) in ponds, lakes, drainage
canals, etc. We neglect the latter organic sedimentation types
for two reasons. First, the surface of open water within the
dike-ring areas amounts to only 1 to 2%. Hence, organic
deposition volumes are likely be low (especially when con-
sidering the fact that sedimentation is partly countered with
dredging), and fall within the error margins of this study.
Secondly, from the lithological model discussed above, it is
clear that only peat formation at the aforementioned scale

11



Sediment Deficits in The Netherlands

Research Articles

Sand & gravel

Thickness

' >20m

Fig. 2: The occurrence of sand and gravel, clay, and peat in the Holocene (onshore only), given as cumulative thicknesses. Sand predominantly occurs
in the coastal zone; clay in the fluvial and coastal plains. Peat has been deposited in coastal swamps; the distribution patterns clearly shows the effect of

pre 20t century peat extraction

has contributed significantly to the Dutch Holocene sedi-
ment volume. As atmospheric and aeolian inputs are cur-
rently negligible as well, we consider the dike rings to be
completely sediment-starved in this study.

2.3 Keeping up with sea-level rise?

The recently updated climate scenarios of the Dutch Mete-
orological Institute (KNMI) include sea-level rise forecasts.
The rise until 2100 is expected to range between 35 and 85 c¢m,
at an average rate of 0.4 to 0.9 cm/a. In the long term, this is
expected to have consequences for the coastal flood-barrier
systems, and it may force increased drainage efforts in the
coastal areas, as groundwater will rise with sea level. A crude
estimate of the amount of sediment that would, hypotheti-
cally, be required to keep up with sea-level rise can be ob-
tained by multiplying the sedimentation area with the rise
forecasts. The dike rings encompass some areas without
Holocene sediments (see Fig. 1): depending on whether these
are excluded or included, the minimum sediment require-
ment would be 59 or 72 million m3/a, respectively. The cor-
responding values in the maximum scenario are 141 and
175 million m3/a. Note that this particular sediment volume
has no practical meaning, it has been calculated to estimate
sediment deficiency using a sedimentation surface in equi-
librium with sea-level (as outlined above) as a plane of ref-
erence. Also note that compaction (of new deposits and their
substrate) has not been taken into consideration.

The response of the Dutch Holocene sedimentary system to
prior phases of high sea-level rise provides a frame of refer-
ence to assess the effects of the forecasted rise. Sustained
sea-level rise of more than 0.6 cm/a, which occurred up till
6000 BP, appears to have been too high for compensation
by sediment supply, as evidenced by coastline retreat (Beets
and Van der Spek 2000). Just as for sediment budgets, how-
ever, comparisons between past and predicted processes
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should be made cautiously, at appropriate timescales, and
with proper reference to the difference between past natural
and future constraining conditions.

2.4 Volume loss due to compaction and peat oxidation

Developed lands that have surfaces at or below sea level
require drainage. So-called 'water boards' (waterschappen,
the oldest democratic institutions in the Netherlands, that
also manage flood-protection systems) are responsible for
water-table management. For this purpose, some 7.6 km3/a
of water is extracted from Dutch ground- and surface-water
bodies (Dufour 2000). This is accomplished with systems of
drainage canals and pumping facilities, most of which dat-
ing back centuries. In open country, mostly agricultural area,
water-table management has become aimed primarily at crop
optimisation (De Bakker & Van den Berg 1982).

Aeration of the soil results in the oxidation of its organic
components, and in former peat swamps, now mostly grass-
land, this decomposition process has lead to significant land
subsidence (e.g. Van Huissteden et al. 2006). Groundwater
levels, defined relative to Dutch ordnance datum (NAP), are
periodically adapted in order to maintain the desired un-
saturated zone depths, exposing more and more peat to oxy-
gen. In addition to this, drained soils compact as a result of
pore-tension reduction. In this way, land subsidence has come
to be self-perpetuating, having rates up to 5 cm/a and result-
ing in cumulative displacements of up to several meters. Note
that we will not discuss salination, another problem for ag-
riculture associated with drainage, and probably aggravated
by sea-level rise.

Over the last years, agricultural interests are weighed against
water-management policies to avoid land subsidence. For
this purpose, the Geological Survey of the Netherlands has
recently developed a method to assess the effects of water-
management measures in terms of the resulting subsidence.

J Soils Sediments 7 (1) 2007
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It involves a 3D subsurface model, water-management sce-
narios, and the calculation of subsidence using empirically
obtained process rates (see De Lange et al. 2004 for a full
methodological account). Compaction is calculated using (1):

%z[i+ilogﬁ]ln(—0" +A'O-] (1)
t

where b and 4b, are the layer thickness and thickness re-
duction at time t, respectively, C, and C are the empiri-
cally obtained hydrodynamic and creep coefficients, respec-
tively, Az, is the time interval of the compaction coefficient,
and o;' and Ac are the effective initial stress and stress in-
crements, respectively. The effect of peat oxidation is mod-
elled using (2):

Ah,=h

(V,80)
= hy, -(1-e ) 2)
where 4b, is the layer thickness reduction at time t, b, is
the unsaturated zone thickness, V,, is the empirically ob-
tained peat oxidation rate (15 mm per metre of unsaturated
soil per year), and At is the oxidation time.

Numerical solutions of (1) and (2), applied to geological
voxel models, allow us to predict subsidence for each verti-
cal stack of cells. This method was first applied to the cen-
tral western province of Zuid-Holland, in order to classify
the area in terms of subsidence susceptibility (Anonymous
2006). Because of a lack of measured subsidence data, we
employed the same method to estimate current and future
yearly volume losses in the dike-ring areas. The aforemen-
tioned upgraded geological model (see Fig. 2) was used as
input, and we modelled subsidence for a period of 100 years.

A maximum estimate was obtained with an initial unsatu-
rated zone of 50 cm and a two-yearly adjustment to subsid-
ence; a minimum subsidence estimate was calculated without
this periodic adjustment (Fig. 3). 50 c¢m is a fair approxi-
mation of the average current practice in water-table man-
agement. As a starting point for our subsidence modelling,
it is a more or less arbitrary value: the extent to which ad-
justment to subsidence is carried through is far more signifi-
cant. As this extent is unknown, we have chosen to model
the range between no adjustment and frequent adjustment
throughout. The resulting volume loss for the dike rings is
estimated between 9.4 and 28 million m3/a.

2.5 Human bulk material inputs

Building in the Dutch lowlands requires bulk amounts of
filling sand as a foundation, to stabilise the building substrate
and to create (or keep) sufficient elevation with respect to
groundwater. Dutch use of filling material is about 57 mil-
lion m3/a (average over the period 1999-2003; e.g. Van der
Meulen et al. 2003, 2006a). This includes 45 million m3/a
of sand, the remaining amount is secondary (i.e. recycled)
fill and foundation material.

There are no statistics available as to where these materials
are extracted and used, but provincial minerals-supply data
allow for an approximation (Dumoulin 2004). The coastal
provinces of Friesland, Groningen, Noord-Holland, Zuid-
Holland and Zeeland, and the central provinces of Utrecht
and Flevoland coincide, more or less, with the joint dike-
ring area. Table 1 shows that filling-sand consumption in
these provinces amounts to 68 % of the Dutch total (31 mil-
lion m3/a in 1999-2003), while the share in the national
production is 18 % (8.1 million m3/a). This implies that some
23 million m3/a of filling sand is imported to the Dutch low-
lands, most of which is derived from marine resources.

Minimum

Subsidence

Maximum

Fig 3: Subsidence associated with land drainage, caused by a century of modelled peat oxidation and compaction, in two scenarios. The minimum
scenario is the response to a uniform initial, unadjusted unsaturated zone of 50 cm. The maximum scenario has the same starting point, but includes a

two-yearly adjustment to subsidence. See text for further explanation
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Table 1: Provincial filling-sand supply data for 2001-2002 (Dumoulin 2004), that allow for the estimation of human sediment inputs to the dike-ring areas
(see text for explanation). Provincial production statistics are for land-based extraction only, and exclude sand extracted in the State Waters (mainly from
the North Sea). The consumption statistics include all sand

Province Production Consumption Production Consumption
(million m®) (million m®) share share
Predominantly Flevoland 0.0 10.8 0.0% 10.1%
Lowlands Friesland 3.6 5.9 3.3% 5.5%
-dikeringarea I ngen 2.8 44 2.6% 4.2%
Noord-Holland 25 16.4 2.3% 15.4%
Utrecht 3.3 9.0 3.0% 8.5%
Zeeland 0.0 14.7 0.0% 13.8%
Zuid-Holland 6.6 10.8 6.0% 10.1%
Total 2002—-2003 18.8% 72.1% 17.7% 67.7%
Predominantly Drenthe 4.9 41 4.5% 3.8%
uplands Gelderland 11.4 12.4 10.5% 11.7%
Limburg 2.8 25 2.6% 2.3%
Noord-Brabant 8.1 8.9 7.5% 8.4%
Overijssel 2.3 6.6 21% 6.2%
Total 2002-2003 29.6% 34.4% 27.8% 32.3%

2.6 Historical sediment deficits

Processes and conditions that cause sediment deficiency and
land subsidence, related to flood-protection and groundwater
management, have been acting for about a millennium.
Drainage was less efficient and pervasive in the early phases
of this period and, accordingly, the associated subsidence
has probably been much lower than presently observed. In
contrast, peat extraction, which started out at the same ap-
proximate period but is presently virtually non-existent, has
resulted in substantial historical volume losses.

The cumulative effect of all of this is the well-known sub-
sea-level topography of the Dutch lowlands. Without going
into the details and reconstruction of the governing proc-
esses, we approximate the cumulative effect of historical
sediment deficiency with the negative difference between land
surface and Dutch ordnance datum (~base level). The re-
sulting volume, which is basically unused sediment accom-
modation space, is about 13.3 km3. Its order of magnitude
(billions of m3) is in agreement with a millennium of sedi-
ment deficiency in the order of millions of m3/a. For a refer-
ence, the volume of the IJsselmeer lake is about 5.2 km3
(Ministry of Transport, Public Works and Water Manage-
ment, The Hague, unpublished statistic; see Fig. 1).

3 Analysis and Discussion

3.1 Summary and inferences

Our results, summarised in Fig. 4, allow for the following
inferences and observations:

e Impeding sedimentation in the dike-ring areas results in
a predicted sediment deficit of 136 + 67 million m¥/a,
deficit being defined as the sum of the hypothetical sedi-
ment amounts required to keep up with the forecasted
sea-level rise, and drainage-induced volume losses (due
to peat oxidation and compaction).

e To some extent, human inputs of filling sand (~23 mil-
lion m3/a) can be considered a compensation for this: a
mere 17% in the total sediment balance, but locally sub-
stantial when taking into account the fact that fill is ap-
plied on a fraction of the dike-ring surface area.

e  Volume losses due to peat oxidation and compaction (19
+ 9 million m3/a) and human inputs (sand filling) seem
to be more or less in balance, but obviously do not coin-
cide geographically.

o Keeping up with sea-level rise, for any scenario, would
require more sediment than the net inputs observed in
the recent geological past (10 million m3/a). From this

w
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>
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Fig. 4: Cross section (see Fig. 1 for profile line) and summary of the sediment balance for the dike-ring areas. White hatching indicates Holocene sediments
outside the study area. (+), (-) and (0) refer to positive, negative, and zero or retarded contributions to the Dutch sediment balance, respectively
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observation, the habitation of the Dutch lowlands would
seem to be unsustainable. Even though higher sedimen-
tation rates in the early Holocene may seem to suggest
the opposite, the resilience of the sedimentary system in
its current state is low, as its constituting processes have
been retarded, and all that is left to cope with sea-level
rise is human countermeasure.

e Compensation of the annual sediment deficit by means
of human inputs would quantitatively seem to be within
reach, as the sediment requirement for this has the same
order of magnitude as filling-sand consumption. The
same applies to compensating the back-lag volume of
13.3 km3, provided that sufficient time is allowed for
this (e.g. one century). However, raising developed lands
obviously presents practical difficulties, and requires a
planned effort.

3.2 Implications of sediment deficiency

The Dutch approach to the habitation of the lowlands is an
elaborate flood-protection and drainage system, that allows
for a more or less free choice in the allocation of land-use
functions. However, the resulting regional sediment deficits
have rendered the country vulnerable to some of the pre-
dicted effects of climate change: rising sea and groundwater
levels, and higher peak river discharges, precipitation in-
tensities and storm (surge) frequencies. The increased risks
associated with the disperse accumulation of population and
wealth behind the Dutch flood-defence system have come
to be well-acknowledged.

In response to this, Dutch water management is in the process
of changing from defence- towards adaptation-oriented (Tiel-
rooij et al. 2000). The best example of this is the choice to
increase the discharge capacities of the rivers Rhine and Meuse
rather than raising the dikes (Van der Meulen et al. 2006b).
However, while measures such as these can essentially be ac-
commodated in the existing layout of the country, a full solu-
tion to the problems outlined above probably cannot. Hence,
widening the time horizon for water management and land-use
planning may significantly change the views on living with water
in the Netherlands, or on living in the Netherlands altogether.

It seems inevitable that, in the long term, some wettening of
the lowlands is going to have to be accepted as a matter of
fact, whether it be to accommodate excess water, or in order
to avoid further subsidence of peatlands. The question is what
the consequences are for land use. To whatever extent and
frequency water will be allowed to enter the dike rings, it ba-
sically implies abandoning the concept of uniform flood pro-
tection for each dike ring. And in whatever configuration water
will be allowed to enter (designated flood-buffer zones,
wetlands, lagoons, lakes, etc.), built-up areas will probably
need additional water protection if they are to be maintained.

The aforementioned New Orleans example shares some simi-
larities with the Dutch situation, as both areas have a sub-
sea-level topography that is in part the result of human in-
tervention with sedimentary systems. The main difference is
the flood protection level: 200-300 years for New Orleans
and 10,000 years for the Dutch coastal area. In that respect,
failure of New Orleans' flood defence system is not surpris-
ing, but it serves to illustrate that flood resistance strategies
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may obscure the need to consider resilience. While hurri-
canes are the most important, imminent threat to New Or-
leans, the Dutch face a combination of extreme events and
more gradual deterioration. The higher current protection
levels present more favourable conditions for the develop-
ment of adaptive strategies.

3.3 Anticipation and adaptation

There are several ways to anticipate on the trends and changes
discussed here. Most importantly, it would seem to be logical
that lowland areas that are to be built up anyway, especially
the deepest polders, should be raised higher than in current
practice. For new urban and industrial zones, this would be
aimed at providing not only a firm building substrate, but
also longer-lasting flood-protection possibilities. Raising parts
of the main infrastructure (e.g., as part of road-building or
reconstruction projects) has the potential of offering additional
compartmentation of dike-ring areas, which would reduce the
flooding extent in case of a disaster. For road and railway
infrastructure in lowland areas, the use of excess amounts of
filling sand is in fact common practice, aimed at the enhanced
and accelerated compaction and stabilisation of the underly-
ing soil. Excess fill, however, is now removed and reused.

Building on higher-raised grounds should in principle be af-
fordable, even if it would double or triple filling-sand con-
sumption. The costs of this are roughly estimated at 0.5 to
1 G€/a (c.f. Van der Meulen et al. 2006a), i.e. ~2% of total
current Dutch building investments (note that this does not
include the costs of additional provisions for building on raised
grounds). For a reference: tripling the use of filling-sand would
add ~120 million m3/a to the lowlands (3 - 45 million m3/a
minus filling sand use in the uplands), and approximately
equate the expected annual sediment deficits. 100 years of
tripled supplies (12 km3) would approximately equate the back-
lag deficiency volume. Hence, a strategic, properly prioritised
land-raising programme would have the potential of compen-
sating up to one half of the Dutch sediment-deficiency prob-
lems in a century. Given the fact that less than half of the
lowlands will be built-up by that time, this is more than suffi-
cient. Marine sand is the most appropriate resource for this
purpose, and the supply-infrastructure for this material is
already in place. Note that this idea is not new. Beach and
coastal nourishment as a compensation for sediment defi-
ciency in the Dutch coastal system has been common prac-
tice since 1990; it involves ~12 million m3 of sand per year
(Van Koningsveld & Mulder 2004). Living on raised grounds
(on mounds; ferpen) has been common practice in the north-
ern provinces up till mediaeval times.

Obviously, adaptation to climate change and sediment defi-
ciency involves more than bringing in bulk amounts of sand.
In the lowlands, for example, open country is now mostly
agricultural while nature is concentrated on the higher grounds;
this long-established general zoning has been consolidated in
the most recent National Spatial Plan (Anonymous 2004). In
view of the above, however, partial transfer of these functions
may be called for: wetland nature instead of farmland between
raised built-up areas in the lowlands, and (more) agriculture
or other forms of development instead of nature on the higher
grounds. An interesting aspect of wetlands is the potential to
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reinstate peat formation, which would (1) offer some additional
compensation for sediment deficiency, and (2) act as carbonate
sink. Underground construction, that is currently promoted as
a means of more efficient land use in the densely populated
country (e.g. COB 2000), may also require some reconsidera-
tion. Constructions such as tunnels are expensive and usually
have relatively long life cycles, possibly within the time range of
the deteriorating conditions discussed here (higher flooding risks,
increased hydrostatic pressure, etc.). An interesting alternative
is to build such structures at the surface, prior to land raising. A
further discussion of such planning considerations, as well as
the interesting design options presented by building on higher-
raised grounds, falls outside the scope of the present paper.

4 Conclusions, Recommendations and Perspectives

Sediment deficiency in the Dutch lowlands renders the coun-
try vulnerable to Global Change. We have quantified this
deficiency in first-order approximation, and argue that it
could in principle be compensated by a sustained land-rais-
ing programme. Tripling the current use of filling sand would
seem to be affordable, and effective in about one century.

Further research will have to focus on the urgency and fea-
sibility of such an undertaking: politically, economically and
practically. It would first require policy and decision makers
to adopt a wider planning horizon than the current one for
water management and land-use planning. As to economical
and practical feasibility, we recommend the development of
long-term scenarios for the changing physiography of the Dutch
lowlands, that include the impacts of climate change on water
systems, sediment deficiency, possible compensation measures,
costs and benefits, and the implications for long-term land-
use options. Apart from the obvious water-management and
engineering considerations, such scenarios require a strong
focus on sediments — system analyses, resources, management
issues — in order to be meaningful (see Brils 2002, Brils &
De Deckere 2003, Owens 2005).
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