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Abstract. For policy making and spatial planning, informa-
tion is needed about the impacts of climate change on natural
ecosystems. To provide this information, commonly hydro-
logical and ecological models are used. We give arguments
for our assessment that modelling only is insufficient for de-
termining the impacts of climate changes on natural ecosys-
tems at regional scales. Instead, we proposed a combination
of hydrological simulations, a literature review and process-
knowledge on climate-hydrology-vegetation interactions, to
compile a sketch map that indicates climate change effects
on a number of ecosystems in the Netherlands. Soon after
a first version of our sketch map was published by a Dutch
professional journal, copies appeared in policy documents,
and also in a commercial and popular atlas of the Nether-
lands. Moreover, the map led to a question in the Dutch par-
liament about the sustainability of bog reserves under the fu-
ture climate. Apparently, there was an urgent need for the
information provided by the map.

The map shows that climate change will presumably have
the largest influence on ecosystems in the Netherlands that
depend on precipitation as the major water source, like heath-

lands, dry grasslands, rain-fed moorland pools and raised
bogs. Also highly susceptible are fens in reserves surrounded
by deeply drained polders, because such fens depend on the
inlet of surface water, of which quality is likely to deteriorate
upon climate change. While the map is indicative for direc-
tions of change, in view of the uncertainties of our study, no
conclusions should be drawn that may have far-reaching con-
sequences, such as giving up certain nature targets that might
no longer be feasible in the future climate. Instead, we ad-
vise to anticipate the potential threats from climate change
by taking a number of adaptation measures that enhance the
robustness of nature reserves.

To improve climate change projections on hydrology and
ecosystems, future research should especially focus on feed-
backs of vegetation on the water balance, on processes that
directly influence plant performance and on the ecological
effects of weather extremes.
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1 Introduction

Both observations and model simulations indicate that the
climate of our Earth is changing at an unprecedented pace
(Dai, 2011; Karl et al., 1995; Solomon et al., 2007). It is
foreseen that not only temperature will rise, but also that
more prolonged dry periods will alternate with more inten-
sive rainfall events, both within and between years. This will
change, among others, soil moisture dynamics (Easterling et
al., 2000; Fay et al., 2008; Knapp et al., 2008b; Porporato et
al., 2004; Weltzin et al., 2003). Soil moisture is the most im-
portant environmental filter of local terrestrial plant species
composition, as it determines the availability of both oxy-
gen and water to plant roots and, with that, indirectly other
habitat factors that are essential for plant growth, such as soil
acidity and nutrient availability (Bartholomeus et al., 2011a;
Easterling et al., 2000; Knapp et al., 2008b; Levine et al.,
2008; Porporato et al., 2004; Weltzin et al., 2003; Witte et
al., 2007).

In view of the projected change in climate and hydrol-
ogy, it is questionable whether target ecosystems for nature
preservation may still be attained under a future climate. This
is important, since most of such targets are legally enforced,
e.g. by the European Habitat Directive, by the Water Frame-
work Directive and by national legislations of several coun-
tries. For a timely response to climate change, as well as to
avoid measures that may be ineffective, policy makers and
spatial planners require information about the feasibility of
nature targets under a future climate. It is inevitable that mod-
els are used for this purpose, because the empirical basis for
climate change effects in the recent past, across transects that
cover different climate zones, is too small. However, it is
debatable whether current models are properly equipped for
assessing climate change effects on nature targets.

1.1 The appropriateness of models to evaluate climate
change impacts

Impacts of the water regime on natural vegetation in the
Netherlands have been assessed by vegetation models on
the basis of results obtained with transient hydrological
modelling (Olde Venterink and Wassen, 1997; Witte et
al., 2008b). Developments in both types of models and
in their combination have been tremendous during the
past two decades.

Transient hydrological models are especially needed in
low lying areas such as the Netherlands, where groundwater
levels in large parts of the country are shallow so that capil-
lary flow from the groundwater table to the rooting zone is an
important source of water supply to crops and natural vegeta-
tion. A major limitation to the combined modelling of surface
water, groundwater and the water-unsaturated zone is that
few integrated models are available that rigorously link these
zones. A well-known example is GeoHydroSphere (Sudicky
et al., 2008). When they are used, e.g. for shallow ground-

water wetlands, they are very computationally demanding
(Frei et al., 2010). Alternatively, so-called minimalist mod-
elling according to the new ecohydrological framework that
follows a systems analysis approach (Rodriguez-Iturbe and
Porporato, 2004) has predominantly focussed on semi-arid
situations. Approaches that account for capillary replenish-
ment of root zone water are limited (Vervoort and Van der
Zee, 2008). At this moment, such approaches are conceptual
rather than directly applicable for the present purpose.

Hence, in practice the groundwater is typically modelled
using codes such as Modflow (Harbaugh et al., 2000), for
local and small catchment scales, or even for the whole of
the Netherlands (comprising 35 000 km2). Since Modflow is
a saturated zone flow model, the top system has either to
be simulated with a separate model that explicitly addresses
the vadose zone (e.g. SWAP; Van Dam et al., 2008), or it
has to be adequately mimicked in the Modflow boundary
conditions. This is feasible if vegetation is conceptualized
as a layer with fixed characteristics that partitions precipi-
tation into intercepted rain water (Ei), evaporation from the
soil (Es) and water uptake from the soil by roots (transpi-
ration,T ). Errors in the simulated actual evapotranspiration
(ET) can be considerable (e.g. Liu and Yang, 2010; Moore
and Heilman, 2011; Zhang et al., 2010) but are usually ob-
scured because modelling is not validated on ET. Though
the availability of measured actual ET, e.g. from the global
network of micrometeorological tower sites FLUXNET and
from satellite algorithms like SEBAL (Bastiaanssen et al.,
1998), increases rapidly, such data are only exceptionally
used to calibrate a hydrological model (but see e.g. Schuur-
mans et al., 2003). Instead, it is common practice to calibrate
hydrological models on measured groundwater levels and,
when available, on measured surface water discharges, i.e.
by adjusting the soil physical properties of the subsoil, such
as the transmissivity of the underlying aquifers. Whereas in
this way a good description of observed groundwater levels
may be achieved, there is no reason why this should lead to
accuracy with regard to the different water fluxes. Moreover,
it is doubtful whether such a model is suitable for climate
projections since it is not calibrated on the entity ET that,
together with precipitation (P) and surface runoff, actually
determines groundwater recharge and thus drives the ground-
water system.

Even more constraints relate to the application of hydro-
logical model in climate projections. In most regional hy-
drological models, vegetation is not explicitly represented,
and conceptual parameterizations are used to find actual ET.
Actual ET is estimated by scaling potential ET using em-
pirical functions of soil moisture and/or vegetation (Arora,
2002). For instance, potential ET is usually derived from
a reference ET, provided by a meteorological institute, via
an empirical crop or vegetation-type dependent factor. This
approach (sensu Allen et al., 2005; Feddes, 1987) may be
preferred for model simplicity, but such factors can only be
applied under the climate conditions for which they were
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determined, especially since they implicitly include inter-
ception, a term that is highly dependent on the precipitation
regime (which is likely to change). In addition, hydrologi-
cal models often do not account for the fact that plants may
reduce their future transpiration rate because their neces-
sary consumption of carbon through their stomata is fulfilled
more easily at enhanced atmospheric CO2-levels (De Boer
et al., 2011; Kruijt et al., 2008). Finally, in practice current
transient models do not account for the fact that vegetation
may respond to increased drought by changes in vegetation
cover and in rooting depth (Knapp et al., 2008b; Moore and
Heilman, 2011; Porporato et al., 2001; Wegehenkel, 2009).
In the Netherlands, this adaptation of vegetation to climate
change can especially be expected on elevated sandy soils
with deep groundwater tables, such as Pleistocene hills and
coastal dunes. For those areas it is predicted that the frac-
tion of bare soil and non-rooting species (lichens and mosses)
in the vegetation will increase when summers become drier
(Kamps et al., 2008; Wegehenkel, 2009; Witte et al., 2008a).
This could increase future groundwater recharge, as actual
ET decreases with decreasing vascular plant cover.

The importance of explicitly considering vegetation in hy-
drological models and the explicit distinction of soil evap-
oration, transpiration and interception is increasingly recog-
nized (Brooks et al., 2011; Jackson et al., 2009; Liu, 2009),
and there are ongoing efforts to partition measured actual ET
into evaporation andT (e.g. Wang et al., 2010). Neverthe-
less, only few studies exist that consider the vegetation as a
dynamic component and that attempt to account for the dy-
namic interactions between hydrology and vegetation (e.g.
Brolsma et al., 2010; Gerten et al., 2004; Wigmosta et al.,
2002). However, because such models are very data and com-
putationally demanding, they are not yet applicable for cli-
mate projections on a regional scale, certainly not in an area
with shallow groundwater levels, such as the Netherlands.

In addition to hydrological models, also the application of
vegetation models to evaluate the impact of climate projec-
tions on nature targets is not without complications. To pre-
dict changes in vegetation distribution due to global change,
various models have been developed, each with its own ap-
proach, scale and timeline, and thus also each with its own
strengths and limitations (Douma et al., 2012b). Of these
models, habitat distribution models (HDMs) play an impor-
tant role (Guisan and Zimmermann, 2000). Current HDMs,
however, are likely inapplicable under changing climatic
conditions for at least three reasons. First, they use relation-
ships based on measurements for the current climate, assum-
ing steady state or pseudo steady-state conditions (Guisan
and Thuiller, 2005). Climate change is irreconcilable with
steady state, and various studies have indicated that upon
changing conditions other processes may become important,
including vegetation adaptation, shifts in feedback mecha-
nisms and switches in the type of resource limitation (light,
water, nitrogen, phosphorus) (Van Bodegom et al., 2012).
Second, the applied relationships between environmental

factors and vegetation characteristics are often highly cor-
relative and do not include climate variables like tempera-
ture, which impedes application to other climatic conditions
(Bartholomeus et al., 2011b; Botkin et al., 2007; Guisan and
Thuiller, 2005; Pearson and Dawson, 2003). Third, they do
not account for no-analogue combinations of environmental
conditions (Bartholomeus et al., 2011a).

Based on empirical work on competition for resources
between species, also a few mechanistic competition-
succession models have been built that can be used for cli-
mate projections (for the Netherlands: Van Oene et al., 1999;
Van Oene and Berendse, 2001). A drawback of these mod-
els is that the inclusion of more processes requires a higher
number of input parameters, which usually comes at the
cost of the model accuracy and applicability (Baird, 1999;
Douma, 2011; Guisan and Zimmermann, 2000). For this rea-
son, mechanistic models have only been applied to a limited
number of well-studied species and ecosystems (Morin and
Lechowicz, 2008).

1.2 An alternative: the ecohydrological sketch map

We conclude that neither hydrological nor vegetation mod-
els are currently suited to reliably assess the effects of cli-
mate change on natural vegetation on landscape scales vary-
ing from small catchments to the whole of the Netherlands.
Therefore, we adopted an alternative approach, in which
we combined model results with a literature survey, process
knowledge and the consultation of experts, to compile an ap-
proximate sketch map that indicates how a number of charac-
teristic ecosystems will likely be affected by changes in the
water regime that are induced by climate change. For illustra-
tion, and because of the wealth of information for the Dutch
delta region, we focussed on the Netherlands. The Dutch
delta and its transition to the upstream higher regions is one
of the important geohydrological reference cases, compara-
ble to other such EU regions (e.g. Rhone, Po, Danube’s and
Ebro’s deltas and estuaries), which are of similar ecological
importance. Moreover, we considered possible ecohydrolog-
ical effects of two climate scenarios: a relatively dry one and
a relatively wet one.

The purpose of the map was not only to stimulate and
guide policy makers, spatial planners, natural resource man-
agers and water managers in their thinking about climate
change effects, but to elicit comments from the scientific
community as well. The aim of this paper is to present (a) the
decisions taken to compile the map, (b) the sketch map and
the ecohydrological implications and (c) discuss how it was
perceived by the general public.
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Fig. 1.Schematized ecohydrological cross sections, measuring ca. 10 km in width and 10 m in height, of(a) a fen landscape and(b) a cover-
sand landscape. These landscapes occur in the “low” and “high” part of the Netherlands, respectively. Some characteristic vegetation types
at the level of alliances and orders are indicated in italics (nomenclature according to Schaminée et al., 1995).

2 Material and methods

2.1 Hydrological characterization of the Netherlands

The Netherlands is a small and flat country with a temperate
sea climate that has small spatial differences in meteorolog-
ical conditions. The mean summer and winter temperatures
are 16◦C and 3◦C, respectively; the mean yearly precipi-
tation is 770 mm and the mean yearly Makkink (1957) ref-
erence evapotranspiration is 563 mm. From a hydrological
viewpoint the country can be divided into (1) a “high part”
where drainage is mostly by gravity, found in the coastal
dunes in the west (elevation up to 80 m a.m.s.l.) and the
Pleistocene cover sand landscape and ice-pushed ridges in
the middle, east and south (elevation up to 150 m a.m.s.l.),
and (2) the clayey and peaty “low part” formed during the
Holocene transgressions in the west and north of the Nether-
lands (elevation−5 to +5 m a.m.s.l.), consisting of polders
where the surface water regime is artificially controlled by
the inlet of surface water in times of water shortage and by
pumping out water in case of water excess. Figure 1 shows
cross sections of two characteristic landscapes: a stream
valley in the high part and a fen area in the low part.

2.2 Climate scenarios

In 2006, based on general circulation model simulations
published in the Fourth Assessment Report of the IPCC
(Solomon et al., 2007), the Royal Netherlands Meteorologi-
cal Institute (KNMI) issued four climate scenarios which in-
clude changes in temperature,P and reference ET (Van den
Hurk et al., 2006). Here, we focused on the two warmest sce-
narios for our sketch map: the W and the W+ scenarios. Both
scenarios are related to the IPCC A2 and A1B scenarios and
comprise a +2◦C global temperature increase. On an annual
basis, the W scenario has the highest and the W+ scenario

Table 1. Effects of climate change on temperature, precipitation
and evapotranspiration in the Netherlands for two climate scenar-
ios (Van den Hurk et al., 2006).

Variable
Summer (JJA) Winter (DJF)

W W+ W W+

mean temperature K +1.7 +2.8 +1.8 +2.3
meanP % +5.5 −19.0 +7.3 +14.2
wet day frequency % −3.3 −19.3 +0.2 +1.9
P on wet day % +9.1 +0.3 +7.1 +12.1
reference ET % +6.8 +15.2

has the lowest potential precipitation excess (P minus ref-
erence ET) (Table 1). The distinction between the two is the
anticipated circulation regime change: a strong change of cir-
culation, which induces warmer and moister winter seasons
and increases the likelihood of dry and warm summertime
situations (W+), and a weak change of circulation (W).

2.3 Map compilation

2.3.1 General approach

To detect possible hydrological trends of climate change and
their impacts on vegetation types, we overlaid the results of
a national hydrological model for two scenarios of climate
change with a national vegetation map. Next, we defined de-
cision rules for the sketch map, among others to avoid over-
interpretation beyond the uncertainty limits of the hydrolog-
ical model. These rules were based on a literature survey and
expert knowledge of the authors. In two workshops, the re-
sulting sketch map was confronted with the opinion of hy-
drologists and ecologists from provinces, water boards, and
conservation organizations (Van Rooij et al., 2010), which
led to minor adjustments.
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Fig. 2. Examples of hydrological output parameters (Van Beek et al., 2008):(a) average groundwater depth in spring (m – soil surface);
(b) soil moisture deficitTred (mm yr−1); (c) percentage of system alien water (%), i.e. surface water from the rivers Rhine and Meuse.

2.3.2 Hydrological simulations combined with a
vegetation map

To identify general trends in possible hydrological effects of
climate change, we used the outcomes of simulations apply-
ing a national hydrological model (Vermulst and De Lange,
1999). The model had a spatial and temporal resolution of
500 m and 10 d (Vermulst and De Lange, 1999), respectively,
and was fed with meteorological input data of both the cur-
rent and the 2050 climate. To obtain feasible computation
times, only two meteorological years (with accurate data
quality) were considered to represent the current climate: an
average (1967) and a dry year (1949), with return periods of
2.5 and 11.7 yr, respectively (Beersma et al., 2005). Each cal-
culation for these two characteristic years was preceded with
a year to initiate the simulations (1966, 1948). For the 2050
climate, we transformed time series of these four years ofP ,
reference ET and temperature to the 2050-climate of W and
W+, using transformation software supplied by the KNMI
(Bakker and Bessembinder, 2007). This software takes ac-
count of shifts in precipitation from summer to winter and
of intensified rainfall and drought events. With the aid of
a digital elevation model, simulated groundwater levels and
seepage intensities were downscaled to a spatial resolution
of 25× 25 m. Hydrological quantities, relevant for terrestrial
ecosystems, considered were moisture deficit (difference be-
tween potential and actual transpiration,Tred), seepage inten-
sity and saline load (all on an annual basis); lowest, highest
and spring groundwater depth (relative to soil surface); the
average percentage “alien water” in July (Fig. 2). The lat-
ter is the surface water from the rivers Rhine and Meuse
that is conveyed through smaller streams, canals and ditches
through those areas where it is needed to mitigate negative
effects of low groundwater levels in agriculture and nature re-

serves, and to ensure the stability of dikes and buildings. This
water is called “alien” because it has a different chemical
composition, which may affect plant species composition.

Based on the work of e.g. Bartholomeus et al. (2008), we
assumed that natural vegetation is in equilibrium with, and
thus reflects, the prevailing climatic conditions. We overlaid
the hydrological output maps for the two scenarios with a
national map showing the distribution of 32 vegetation types
(defined by Bal et al., 2001) in nature reserves (Fig. 3). In
this way we were able to assign current and future frequency
distributions of each simulated hydrological quantity to each
vegetation type. This analysis confirmed that it is not very
sensible to rely blindly on hydrological models: simulated
groundwater depths in nature areas for the current climate
were on average 45 cm lower than optimum groundwater lev-
els based on empirical data as given by Runhaar et al. (2002).
Nonetheless, we could use the results to identify some gen-
eral trends about the hydrological consequences of the two
climate scenarios, in particular by focussing on the simulated
changes in hydrology, instead of on absolute hydrological
output variables.

2.3.3 Basic assumptions to compile the sketch map

We combined the trends from the hydrological simulations
per vegetation type with a literature survey (references in
Witte et al., 2009a) and expert knowledge on the involved
processes to sketch the consequences of climate change for
a limited number of ecosystem types, such as bogs, fens,
wet heathlands, dry heathlands, woodlands and streams. The
following considerations were used to compile the map:

www.hydrol-earth-syst-sci.net/16/3945/2012/ Hydrol. Earth Syst. Sci., 16, 3945–3957, 2012
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Fig. 3. Part of the of map of national vegetation types according to
Bal et al. (2001).

1. We assumed that changes in plant communities as a re-
sult of climate change are mainly driven by changes
in temperature and water balance components (see,
for instance, Bartholomeus et al., 2011a, b; Bazzaz et
al., 1996; Kamps et al., 2008; Knapp et al., 2008a;
Van Oene and Berendse, 2001; Van Walsum et al.,
2001; Witte et al., 2008a). Aggressive invasive species
may also play an important role in shaping species
communities, but are more strongly related to other
human-induced changes than climate change (Tamis
et al., 2005).

2. In areas with a deep groundwater level in summer
(deeper than one to two meter below rooting zone, de-
pending on the soil texture), water supply to the root-
ing zone by capillary flow from the groundwater ta-
ble is negligible (Vervoort and Van der Zee, 2008).
In such areas the moisture deficit in summer will in-
crease under both scenarios, due to an increased atmo-
spheric demand (potential ET). The hydrological simu-
lations revealed that the increase is most significant un-
der scenario W+, due to decreased precipitation in sum-
mer combined with higher potential ET. Average yearly
moisture deficits were predicted to increase from the
current 16 mm yr−1 to 21 and 43 mm yr−1 under the W
and W+ scenario in an average year, while in a dry year
these values are 75, 89 and 144 mm yr−1, respectively.

3. The average groundwater recharge will certainly in-
crease under scenario W. Because of feedbacks of
the vegetation to increased summer droughts (closing
of stomata, increasing share of bare soil, mosses and
lichens), we assume the average recharge on elevated
sandy and gravel soils will approximately remain the
same or increase somewhat under scenario W+ com-
pared to current conditions. This rule is supported by
detailed simulations (Fig. 4) with a coupled soil-water-

Fig. 4. Monthly averagesP -ET for the current (C: black lines) and
the future (W+ in 2050: red lines), based on 30 year weather data
from meteorological station De Bilt (centre of the Netherlands) and
simulations of actual ET with the integrated soil-water-atmosphere-
plant model SWAP (Van Dam et al., 2008) for a groundwater-
independent medium-textured sandy soil:(A) P minus Makkink
reference ET;(B) P minus actual ET of a grassland fully cover-
ing the ground;(C) empirical relationship between simulated yearly
transpiration reductionTred (defined by Bartholomeus et al., 2011c)
versus observed cover fraction of rooting plants, based on 35 plots
throughout the Netherlands;(D) P – actual ET of a grassland of
which cover of rooting species is adapted to drought according to
the relationship in(C).

atmosphere-plant model (Van Dam et al., 2008). Fig-
ure 4 shows the yearly course of the actual precipitation
excess (P – actual ET) on a medium textured sandy soil
with a deep groundwater level, characteristic of elevated
sandy soils in the Netherlands, under the current and un-
der the W+ climate. In spite of the fact that the potential
precipitation excess (P – reference ET) decreases con-
siderably under scenario W+ (on average from 291 to
208 mm yr−1, Fig. 4a), the net result of a higher precip-
itation amount in winter in combination with a stronger
reduction of ET in a drier summer is that the annual ac-
tual precipitation excess, i.e. the groundwater recharge,
remains more or less the same for a soil fully covered by
vegetation (Fig. 4b: decrease in groundwater recharge
of 6 mm yr−1). However, if we take account of lower
vegetation cover at drier soils (empirical relationship
in Fig. 4c), groundwater recharge increases a bit under
scenario W+ (Fig. 4d: increase of 33 mm yr−1).
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4. Since groundwater recharge in recharge areas remains
the same or increases lightly under scenario W+ and
will certainly increase under scenario W (see point 3),
the upward seepage to lower lying discharge areas, such
as brook valleys and polders, will on average remain the
same or increase as well.

5. In both scenarios, the groundwater level of
groundwater-dependent ecosystems in winter and
spring is likely to rise slightly: according to the national
hydrological simulations, the rise averaged a few cm
over the Netherlands.

6. In groundwater-dependent ecosystems, the groundwater
level in summer remains more or less constant under
scenario W and will drop under scenario W+ (according
to the transient hydrological model on average 15 cm,
but feedbacks not accounted for (see point 1 and3) may
reduce this number).

7. Especially under scenario W+, more river water will be
supplied to the low-lying areas of the Netherlands. In
areas fed by upward seepage, the amount of inlet water
remains unchanged or may even reduce (W).

8. The quality of inlet water in the low part of the Nether-
lands will deteriorate substantially because of lower
river discharges, higher surface water temperatures, and
increased upward seepage of (fossil) brackish water in
deep polders (Van Vliet and Zwolsman, 2008; Vellinga
et al., 2009).

9. The dynamics of the hydrology of the Netherlands will
increase: through an intensification of the rainfall show-
ers, wetter winters and drier summers, but also by
larger meteorological differences between years (Van
den Hurk et al., 2006; Witte et al., 2009a).

3 Results: the sketch map with accompanying text

3.1 Free-draining high part of the Netherlands

For a proper understanding of the map, we distinguish be-
tween the “high part” and the “low part” of the Netherlands.
In the sketch map (Fig. 5) the areas dominated by the colours
yellow and blue approximately delineate these two regions.

The sketch map reveals that particularly ecosystems in
the high part of the Netherlands (Fig. 1b) are vulnerable to
climate change. Their vulnerability arises from their depen-
dence on atmospheric precipitation as the only or dominant
source of water.

Groundwater-independent vegetation – which is found on
glacial ridges, coastal dunes and on hills in the Pleistocene
cover-sand landscape – will experience a larger moisture
deficit within the growing season. Examples are dry heaths
dominated byCalluna vulgaris (heather), and dry dunes

dominated by mosses, lichens and xerophilic grasses such
asCorynephorus canescens(grey hair-grass). This shortage
is particularly expected to increase for scenario W+. As a
result, the fraction barren soil in dry heaths and grasslands
will increase. It is also expected that the number of plants
that flower early and pass dry and hot periods in a dormant
condition to reduce metabolic activity (summer sleep) will
increase. The increase in barren soil and the accompany-
ing wind erosion will probably be judged positively by na-
ture managers. Currently, these dry ecosystems within the
Netherlands experience a lack of dynamics, leading to the
dominance of common grasses at the cost of rare species. In
dry heathlands, the species diversity potentially increases be-
cause of the large number ofEricaceousandCytisus(broom)
species occurring in middle and southern European regions
that might invade. The increase in regional species diversity
may be hindered, though, by lack of dispersal possibilities.

In dry forests, some species related to a warmer climate
are expected to profit from climate change, likeTaxus bac-
cata (yew), Ilex aquifolium (ilex hairstreak) andRobinia
pseudoacacia(locust tree). Mortality of trees that are more
sensitive to drought, likeFagus sylvatica(beech) andBetula
pendula(silver birch), may increase when extended drought
periods occur more frequently. In addition, dry spells may
lead to an increased risk of forest fires.

Also the wet, groundwater-independent, rainwater-fed
ecosystems in the elevated parts of the Netherlands are ex-
pected to be prone to large hydrological changes. Character-
istic vegetation types of raised bogs, nutrient-poor moorland
pools and moist and wet heathlands are likely to suffer from
drier and warmer summers and the increased hydrological
dynamics. Bogs that already suffer from too low groundwa-
ter tables will be prone to an increased risk of peat fires, such
as occurred in the Netherlands after a very dry spring in 2011.
The development of actively peat-accumulating raised bogs
may be seriously hampered under the warmer and drier con-
ditions created upon scenario W+. In nutrient-poor moorland
pools, higher temperatures will stimulate the break down of
organic matter, leading to eutrophication.

Seepage to the lower parts of stream valleys, dune slacks
and the edges of large infiltration areas will increase for
the scenario W, and presumably for scenario W+ too, al-
though that is highly uncertain because we do not know
enough about how vegetation (affecting recharge) in the el-
evated dry infiltration area will adapt to climate change.
The increased upward seepage is beneficial for the biodiver-
sity of natural and dug-spring streams, for species-rich wet
dune slacks, and for seepage-dependent ecosystems such as
species-rich mesotrophic grasslands (Fig. 1b). However, pos-
itive effects under W+ are only expected when the increase
in upward seepage is sufficient to compensate for the higher
evapotranspiration demand in summer. Whether this is the
case depends on the size of the infiltration area, as well as
on the future actual ET of the infiltration area (which is,
as discussed in the introduction, highly uncertain). Lower
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Fig. 5. Ecohydrological sketch map showing the ecohydrological impact of climate change in the Netherlands. Climate change, through its
impact on the water cycle, will alter the diversity of plant species and plant communities. These alterations will in turn have an effect on
habitat factors that are essential for plant growth such as salt levels, acidity, and the availability of moisture, oxygen and nutrients. The map
indicates ecohydrological effects in 2050 under two climate change scenarios: W and W+. Both scenarios include a global temperature rise
of 2◦C, increased winter rainfall, drier summers (especially W+) and more intensive rainfall events.

reaches of streams will be flooded more frequently, which
under the current poor water quality probably is harmful
to the vegetation.

3.2 Artificially drained, lower parts of the Netherlands

High conservation values in the low part of the Netherlands
are especially found in former day mines where peat was ex-
cavated as a source of fuel, especially in the 16th and 17th
century. After abandoning these cut-over peatlands, peat ac-
cumulation started again, particularly as floating vegetation

mats (quacking fens). The inset of Figure 1a illustrates the
succession of such a floating fen from minerotrophic (colour
blue) to ombrotrophic (colour red). In an initial succession
stage these mats are often dominated by a vegetation of
tall helophytes such asTypha latifolia(bulrush) and several
Carex species (sedge sp.); in a next stage a very species-rich
vegetation may develop of e.g.Hypnaceae(brown moss sp.)
andSphagnum(peat moss sp.),Phragmites australis(com-
mon reed), and a high diversity of forbs, among others or-
chids; the end of succession may harbour an ombrotrophic
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vegetation of for instance peat moss,Drosera (sundew sp),
Eriophorum angustifolium(common cottongrass) andErica
tetralix (cross-leaved heath). The water vegetation is char-
acteristic for nutrient-rich and alkaline conditions, with sev-
eral Potamogetonand Characeaespecies (pondweed and
stonewort sp.).

Nowadays, these fens are all designated as nature reserve.
Most of them are nowadays the higher parts of the land-
scape, being 1 to 4 m higher than the surrounding agricul-
tural area, where drainage over the past centuries has caused
considerable soil subsidence (Fig. 1a). We expect that these
fens, which are characteristic for the Netherlands and har-
bour many rare and endangered plant and animal species,
will suffer from climate change. The higher ET loss in the
drier summers will require supply of large amounts of surface
water to maintain the high water tables in the fens. With an
appropriate water quality, this would not be such a problem,
but, as discussed in Sect. 2.4, it is very likely that the quality
of inlet water will deteriorate substantially. Possible positive
effects of climate change are only foreseen for fens that are
fed by upward seepage from adjacent higher sandy areas.

The lower lying fen meadows, which are mostly managed
by farmers, will face a loss of biodiversity, not only because
of the greater influence of poor quality surface water, but also
because a lower groundwater level and a higher temperature
in summer will lead to an accelerated decomposition of peat
and thus to an increased availability of soil nutrients. Species
from mesotrophic conditions are expected to be replaced by
fast growing and more common species from nutrient-rich
environments. The deterioration of surface water quality will
also be a threat to the flora and fauna of ditches and lakes, and
the frequency of algal blooms is likely to increase because of
the warming.

4 Discussion

4.1 Uncertainties

Our literature survey and model study identified gaps in our
current knowledge, which are needed to better predict the
effects of climate change on nature in the Netherlands. To
improve the reliability of projections of climate change on
the water balance, future research should especially focus on
feedbacks of vegetation that impact evapotranspiration and
groundwater recharge (Wegehenkel, 2009). Furthermore, for
ecological applications we need hydrological models with
a higher spatial resolution, i.e. with a resolution that fits
both the size and the climate change susceptibility of the
ecosystems considered.

Current knowledge about the ecological effects of climate
change is also surrounded by large uncertainties. Estimates
of ecological impacts are too much based on field obser-
vations and on empirical relationships between habitat and
vegetation in the current climate, assuming steady state con-

ditions (see arguments and references provided in Sect. 1.1).
For the benefit of reliable climate projections, future research
should focus on processes that directly influence plant per-
formance, i.e. on climate-driven processes that determine the
availability of – as well as the plants’ needs for – water, oxy-
gen and nutrients in the root environment (Bartholomeus et
al., 2011b). Moreover, research is required on the ecologi-
cal effects of weather extremes (Smith, 2011), as well as on
the effects of climate and vegetation on soil development and
habitat factors (Douma et al., 2012a; Van Oene et al., 1999).

As a consequence of current shortcomings of hydrological
and vegetation models, climate projections with these mod-
els should be interpreted with great caution. In this study we
therefore combined the results of hydrological simulations, a
literature review, process-knowledge and the consultation of
experts to draw-up a sketch map that indicatively shows the
effects of climate change on a number of ecosystems in the
Netherlands.

4.2 Dissemination of the sketch map in the Dutch
society

We disseminated the sketch map through two technical re-
ports (Van Rooij et al., 2010; Witte et al., 2009a), two pub-
lications for a wider public in Dutch professional journals
(Witte et al., 2009b, c), and two workshops for provinces, wa-
ter boards and nature conservation organisations (Van Rooij
et al., 2010). The map was soon embraced by others. First,
the map appeared in an information brochure of the Dutch
provinces (Anonymous, 2009). Then the Netherlands Envi-
ronmental Assessment Agency (PBL) presented the map in
a policy document about adaptation strategies for climate-
proofing biodiversity (Vonk et al., 2010). In the same year,
the “platform communication on climate change” (PCCC), a
group of research institutes that aims to communicate with
the Dutch society about climate change, issued an infor-
mation brochure in which the sketch map was discussed
(De Coninck et al., 2009). Moreover, the map appeared in
a study of climate change effects, published by the largest
nature management NGO of the Netherlands, “Vereniging
Natuurmonumenten” (Piek et al., 2010). Finally, a version
of the map was published in a popular atlas of water in
the Netherlands, available in all public book shops (Anony-
mous, 2010). Apparently, the information provided by our
map was timely and needed, which clearly supports the thesis
of highly needed methods for establishing a science-policy
interface for climate change induced effects on water and
ecosystems (Quevauviller, 2011).

The map also led to a question in the Dutch parliament
of whether intended measures to combat atmospheric emis-
sion of nitrogen around bog reserves could be given up, since
the prospects for bog development under the two scenar-
ios are rather pessimistic, particularly under the W+ sce-
nario. This was a tendentious question, fitting to the current
trend in some Dutch political parties to immediately use each
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opportunity to question the relevance of nature for society
and cut budgets for nature preservation. Although we explic-
itly warned the users of the sketch map that it is based on cli-
mate scenarios, which are still uncertain, this case shows that
utmost care should be taken in entering scientific results into
societal arenas. Acceptability, credibility and the correct use
of modelling results in policy depend on a delicate balance in
which user participation and communication between scien-
tists and policy makers are key aspects (Wassen et al., 2011).

Along with our map, we presented information about the
increase in precipitation in the Netherlands over the last cen-
tury: 20 % (Anonymous, 2011). Especially winters became
wetter, while the amount of precipitation in summer did not
change significantly. In combination with a substantial reduc-
tion in the last decades of atmospheric deposition of nitrogen
and sulphate, the wetter climate favoured the development of
bog vegetation (De Hoop, 2011). Nevertheless, if one of the
two scenarios becomes reality, especially the dry W+ sce-
nario, we believe bog ecosystems in the Netherlands will be
under serious stress.

4.3 Adaptive measures

Given the uncertainties of the future climate and the response
of ecosystems, no conclusions can be drawn that may have
far-reaching consequences, such as giving up certain nature
targets because they would no longer be feasible in the fu-
ture climate. However, one could at least anticipate possi-
ble negative effects of climate change by taking a number
of adaptation measures that enhance the robustness of na-
ture reserves. Desiccation of wet heaths and rain-fed moor-
land pools can be combated by converting highly evaporating
dark coniferous woods into less water consuming deciduous
forests, grasslands or heathlands. Also damming of gullies,
insofar as they are still present from e.g. the former buck-
wheat fire cultivation, is a way to prevent water loss and
stimulate groundwater recharge. External measures are the
creation of hydrological buffer zones, increasing surface wa-
ter levels in agricultural areas, a ban on sprinkling during
prolonged drought periods and re-allocation or closing of
groundwater abstraction wells. Linking nature areas and en-
larging their size makes it easier to maintain high ground-
water and surface water levels in relation to the surround-
ings and increases the supply of upwelling alkaline ground-
water into the root zone of plants. In addition, this measure
helps species to disperse to locations that offer favourable
habitats in the future of ecological networks. The European
Natura 2000 network and climate adaptation zones for wet-
land ecosystems are examples of an adapted spatial planning
aimed at linking and enlarging nature areas (Vos et al., 2010).

In nature areas with a controlled water level, such as fens,
a more flexible water regime can help to significantly reduce
the inlet of surface water of poor quality. The need for inlet-
water for fens may also be reduced by minimizing down-
ward seepage through a number of external measures: sub-

merging adjacent deep polders, closing nearby groundwater
abstraction wells and promoting the groundwater recharge in
infiltration areas. Submerging adjacent polders may also be
a means to create a buffer from which water can be extracted
in periods of drought.

In conclusion, climate change should be a stimulus to
combat with greater diligence the desiccation of nature and
to stimulate the enlargement and implementation of the
European Natura 2000 network.

5 Conclusions

Current models have serious limitations when used for pre-
dicting effects of climate change on natural ecosystems on
a regional scale. However, based on the combined result of
model simulations, a literature review, process-knowledge
and expert judgement, we can qualitatively estimate what
ecosystems will probably go through. Given the uncertainty
of how climate change will develop, this is sufficient for
discussing how to adapt in nature management and spatial
planning to expected climatic change.

Climatic change will presumably have the largest influ-
ence on natural ecosystems in the high part of the Nether-
lands that depend on precipitation as the only or major source
of water, such as heathlands, dry grasslands, nutrient-poor
moorland pools and bogs. Also very susceptible to climate
change are fen reserves in the low part of the Netherlands
surrounded by deeply drained polders, because such fens de-
pend on the inlet of surface water, of which quality is likely
to deteriorate under climate change.

To a certain extent, we can prevent changes in ecosystem
functioning and composition, for instance by enlarging and
linking nature reserves to combat drought and to facilitate
adaptation of species to changed conditions.

We show that the here applied methodology of use of de-
terministic prediction models, although hampered by lim-
ited accuracy, combined with a set of reasonable assump-
tions is able to bridge the knowledge gap between science
and society. However, as scientists we have to be careful
how to present results in a political atmosphere where out-
comes are easily taken out of their context for short-term
political interests.
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