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Abstract

A spatially explicit dynamic model was developed that combines water quantity 
and quality processes for an average Dutch peat polder. The model has been used 
to calculate the consequences of climate change for surface water level, groundwa-
ter level and nitrogen and phosphorus fluxes, based on time series (2036-2065) of 
the two most extreme climate change scenarios for the Netherlands (G and W+) de-
veloped by the Royal Dutch Meteorological Institute. It was calibrated using meas-
ured data from two existing polders. The results suggest that surface water levels 
will not change much in both scenarios. Hence, the current practice of letting extra 
water in during dry summer periods to maintain sufficient water levels will prob-
ably remain a viable solution to temporary summer droughts in the near future as 
the required water volumes are not likely to increase greatly. Late summer ground-
water levels decrease substantially in the W+ scenario but not in the moderate G 
scenario. This drop in groundwater level would accelerate the on-going process of 
peat oxidation, resulting in increased soil subsidence, greenhouse gas emissions 
and nutrient release from mineralisation. The W+ scenario also led to higher ni-
trogen concentrations and lower phosphorus concentrations in the ditch network. 
Probably the reduced stream velocity in the W+ scenario results in an increased 
sedimentation of (adsorbed) phosphate. Sedimentation is a less important process 
in the nitrogen cycle, and the increased nitrogen concentrations anticipated in 
summer according to the W+ scenario are therefore probably the consequence of 
a reduced outlet of water due to increased evaporation. Additionally, an increased 
delivery of nitrogen through mineralization could also contribute to the increased 
nitrogen concentrations in summer.

With Jan Vermaat. Ecological Modelling, doi: 10.1016/j.ecolmodel.2012.05.005
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5.1 Introduction

Global warming is likely to affect the current climate in the Netherlands, but it 
is difficult to make predictions on the shape of the changes (Van den Hurk et al., 
2006). Therefore, the potential range of these changes has been charted in scenari-
os. Van den Hurk et al. (2006) have developed four climate change scenarios which 
describe four plausible, internally consistent combinations of changes in tempera-
ture and annual precipitation patterns. However, these scenarios differ substan-
tially (see below) and this may have important consequences for the anticipated 
impacts on land use and water management in the low-lying (i.e. below sea-level), 
predominantly agricultural peat polders of the western Netherlands. These sce-
nario differences can also have large consequences for the anticipated greenhouse 
gas (GHG) emissions from mineralizing peat soils, which are in turn strongly influ-
enced by water level and surface water quality (Barnard et al., 2005; Verhoeven et 
al., 2006). Because these processes are complex and intertwined, it is difficult to 
make straightforward predictions on the impact of climate change. Therefore, this 
study has combined the relevant processes in a water quantity and quality model 
of an ‘average’, imaginary Dutch peat polder. An imaginary peat polder was used in 
this study to draw broader conclusions than could have been done in a case study, 
as to give a general impression of the main impacts of climate change in Dutch peat 
polders. Because the imaginary peat polder was characterized using real data from 
a set of existing polders in the Netherlands (Vermaat and Hellmann, 2010), it can 
be assumed to represent an ‘average’ Dutch peat polder.

Water quality is an important environmental issue in Dutch polders, where drain-
age ditches suffer from eutrophication problems due to excessive run-off of nutri-
ents from agricultural land. Moderate increases in nutrient levels can already result 
in massive ecosystem changes (Portielje et al. 1995; Van Liere et al., 2007), but even 
higher nutrient levels can lead to a dominance of duckweed (Lemnaceae) or float-
ing fern (Azolla). Dense duckweed vegetation hampers re-aeration of the water 
column, and can result in an anoxic state with serious negative consequences for 
biodiversity (Janse and Van Puijenbroek, 1998). Moreover, it can have economic 
consequences, such as a blockage of waterways and pumping stations, or the wa-
ter becoming unsuitable as drinking water for cattle (Janse and Van Puijenbroek, 
1998). Climate change is expected to exacerbate current eutrophication problems in 
freshwaters (Mooij et al., 2005). To our knowledge only two studies have applied an 
eutrophication/water quality model to simulate the effects of climate change (Mooij 
et al., 2007; Elliot et al., 2005). However, these studies have focussed exclusively on 
water quality, and did not model water fluxes (e.g. rainfall, evaporation, seepage, 
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groundwater, etc.) nor were they spatially-explicit. At the same time, water quan-
tity modelling studies of climate change (e.g. Immerzeel et al., 2009; Bouwer et al., 
2010) did not include water quality processes. Therefore, the present study aims to 
combine these processes in a spatially explicit water quantity and quality model.
This model is dimensioned in SOBEK 2.11.002 (WLDelft, 2009). It is spatially explic-
it and combines a realistic distribution of land and water with realistic dimensions 
of waterways and pump capacity. Moreover, land use characteristics, drainage and 
mineral budgets of the imaginary peat polder are typical for a Dutch agricultural 
polder (Van Beek, 2007). The model is constructed to calculate the consequences of 
climate change on surface water level, groundwater level and nutrient fluxes. After 
calibration, we present scenario calculations for the period 2036-2065 based on two 
climate change scenarios with which we addressed the following questions:
1.  What will be the impact of climate change on the water quantity in Dutch peat 

meadows?
2. What will be the impact of climate change on the water quality –notably fluxes 

of nitrogen and phosphate- in Dutch peat meadows?
3. What will be the consequences of these anticipated changes for general water 

management and land use in Dutch peat meadows?

5.2 Material and methods

Climate scenarios
The Royal Dutch Meteorological Institute (KNMI) has developed a set of 4 contrast-
ing climate change scenarios for the Netherlands, which are based on the output of 
a suite of Global Climate Models and downscaled to Europe using Regional Climate 
Models (Van den Hurk et al., 2006). These scenarios represent four trajectories of 
possible future climate. The main differences between the scenarios are whether 
current air circulation patterns are maintained, and the level of mean temperature 
rise (respectively +1°C and +2°C; see table 5.1). These different assumptions under-
lying the four scenarios result in important differences in e.g. average summer/win-
ter temperatures, coldest/warmest summer/winter day and average summer/winter 
precipitation. Scenario G is the most conservative of these four scenarios and dif-
fers least from current climate. Scenario W+ is the most extreme. Because scenarios 
G and W+ thus encompass the complete range of anticipated climate changes, we 
limited ourselves to these two scenarios. 

The meteorological input for the model was derived through the KNMI’s trans-
formation program, in which the weather in a time series of a (randomly chosen) 
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measurement period can be transformed using one of four climate scenarios 
(http://climexp.knmi.nl/Scenarios_monthly/). Thus, the derived meteorological 
data should not be viewed as the weather prediction for a day or year but instead 
depict the general, average weather conditions of a future time period by ‘adjust-
ing’ the weather of a historical period for anticipated climate changes. In this 
study, the weather of the period 1976-2005 was transformed to the period 2036-2065 
based on the G and W+ scenarios and used as input for the model. The model was 
also run with the measured weather of the period 1976-2005 to allow a comparison 
between the scenarios and the baseline period.

The model needs the following meteorological input: rainfall (mm day-1), evapora-
tion (mm day-1), wind direction (°), wind strength (ms-1), water temperature (°C) 
and radiation (Wm-2). Rainfall is explicitly given for each scenario via the KNMI’s 
transformation program. Evaporation is derived from the daily mean air tempera-
ture (which was explicitly given for each scenario via the KNMI’s transformation 
program) by assuming 4% extra evaporation for each degree of temperature rise 
(Van Acker and Moens, 2000). Wind direction and strength are not expected to 
change significantly due to climate change (Van den Hurk et al., 2006). Hence data 
from the period 1976-2005 was used, as this period is the baseline of the KNMI 
climate scenarios. Water temperature in the scenarios was derived from the air 
temperature based on a statistical relation between air and water temperature. This 
relation is based on a linear regression between measured air and water tempera-
ture in a large dataset of Dutch water bodies (R2=0.87, p < 0.001, n=602, data Wa-
ternet, 1988-2005, water temperature = 1.05 + 1.04 * air temperature). In addition, 
the assumption was made that solar irradiation in the scenarios would not diverge 
much from the current levels, and therefore values for 1976-2005 have been used.

T 5.1 Main assumptions and differences of the climate change scenarios of the Dutch Meteoro-

logical Institute (KNMI, 2006).

G G+ W W+

Assumptions:

Changes in circulation patterns No Yes No Yes

Temperature rise +1.0°C +1.0°C +2.0°C +2.0°C

Winter:

Average temperature +0.9°C +1.1°C +1.8°C +2.3°C

Coldest winter day +1.0°C +1.5°C +2.1°C +2.9°C

Average rainfall +4% +7% +7% +14%
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Summer:

Average temperature +0.9°C +1.4°C +1.7°C +2.8°C

Hottest summer day +1.0°C +1.9°C +2.1°C +3.8°C

Average rainfall +3% -10% +6% -19%

Model description
General
Figure 5.1 shows a conceptual model of the modelling approach. All water fluxes 
in-and-out of the polder and the transport of surface water through the drainage 
network of the polder were modelled within SOBEK 2.11.002. Although SOBEK 
2.11.002 models the main water quality processes in the surface water, nutrient 
fluxes to-and-from land cannot be modelled with SOBEK 2.11.002 (i.e. fluxes are 
shown in italics in the lower diagram of figure 5.1). Therefore, the modelling frame-
work needed to be expanded to also represent these processes. These processes 
were calculated outside SOBEK 2.11.002 based on the methodology of Van Beek et 
al. (2009; described in the next sections). Based on this methodology, the resulting 
overall nutrient load into the surface water was calculated for each time step and 
then manually fed into the SOBEK model. Now the SOBEK model included nutrient 
fluxes to-and-from land and could be used to calculate transport and concentra-
tions of nutrients. 

The imaginary polder itself is schematized by 4 main waterways connected in the 
middle with an inlet and outlet. Excess water is pumped to the outlet. Every main 
waterway provides the drainage of a part of the imaginary polder, which contains 
agricultural land, urban area and surface water. For each area, the drainage onto 
the main waterway is calculated in 2 hour time steps based on rainfall, evapora-
tion, storage on land, infiltration, drainage, and seepage. In case of a negative 
drainage flux, water is drawn into land from the main waterway. Based on the 
share of each drainage flux, the overall nutrient concentration of the drainage wa-
ter is calculated. 

Each main waterway consists of multiple sections of 100 m. For each section, the 
discharge is calculated from its waterway dimensions, water level, amount of inlet 
water and the amount of drainage water. Rainfall, evaporation, and seepage in the 
main waterway are accounted for in these calculations. Nutrient concentrations 
are calculated for each section in 2 hour time steps based on the different water 
fractions (amount of inlet water, drainage water, seepage water) composing the 
section’s water. Additionally, the main water quality processes and their impact on 
nutrient concentrations are modelled for each section. These are nitrification and 
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Figure 5.1 Conceptual model showing the modelled main water fluxes and nutrient fluxes going 

in-and-out of the imaginary peat polder. Fluxes in bold were modelled with SOBEK 2.11.002, 

whereas those in grey/italics were not. Transport of surface water through the drainage network 

is indicated by a dashed arrow.
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denitrification (nitrogen), adsorption (phosphorus), mineralisation (nitrogen and 
phosphorus), and algal growth and mortality (nitrogen and phosphorus). Although 
potentially important, water quality processes in the sediment could not be mod-
elled (such as exchange of phosphorus between sediment and water column, and 
denitrification in the sediment). Moreover, the software assumed that algae are 
planktonic and it does not model benthic algae or macrophytes. Sedimentation of 
algae and organic matter is modelled and is considered an ‘output term’. Material 
and nutrients cannot diffuse back into water column after sedimentation. 

Water quantity model
Land use, water balance and nutrient balance of the polder are averaged from a 
dataset on existing Dutch polders (see table 5.2, 5.3 and 5.4; Vermaat and Hellmann, 
2010). Ditch water level and polder level are taken from the same dataset, but width, 
depth and length of the main waterways are based on Van Strien et al. (1991), Nol et 
al. (2008), our own (unpublished) data, and ‘expert knowledge’.

The main hydrological processes are calculated using the continuity- and moment 
equations and run-off, drainage and infiltration from open water are calculated 
with the De Zeeuw-Hellinga equation (WLDelft, 2009). Some assumptions had to 
be made on model parameters of run-off, drainage, infiltration, water storage on 
land from open water, and pump capacity of the outlet pumps. The water levels at 
which the pumps are switched on/off were determined by means of calibration: 
iteratively the water level was determined at which the volume of outlet water in the 
model equalled that in the mean water balance of Vermaat and Hellmann (2010). A 
net seepage term had to be used because the software did not allow the use of both 
positive and negative seepage on land. Positive and negative seepage could be mod-
elled separately in the main waterways. We assumed no seepage on urban land.

T 5.2 Land use of the imaginary peat polder (based on Vermaat and Hellmann, 2010) and the 2 

peat polders used in the model calibration.

Land use (ha) Imaginary peat 
polder

Hilversumse 
Bovenmeent

Nieuwe Keverdijkse 
Polder

Agriculture 3000 227 857

Urban 310 1.4 33

Open water 530 20.6 54

Total area 3900 249 944
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T 5.3 Dimensions of the imaginary peat polder (based on Vermaat and Hellmann, 2010).

Dimensions:

Ditch level -1.63 m NAP (= Amsterdam Ordnance 
Datum)

Surface level -1.08 m NAP

Width	main	waterways 5.0 m

Depth main waterways 1.00 m

Length main waterways 10500 m

T 5.4 Nutrient balance of the imaginary peat polder (based on Vermaat and Hellmann, 2010).

Nutrient balance: Nitrogen (N) in kg ha-1 yr-1 Phosphorus (P) in kg ha-1 yr-1

Atmospheric deposition + 21.08 +0.63

Seepage + 3.48 +0.41

Inlet water + 3.27 +0.50

Agriculture + 197.70 +18.80

Mineralisation + 94.30 +5.34

Sludge + 8.89 +3.90

N
2
-fixation + 3.44 0

Volatisation - 4.35 0

Percolation - 4.56 - 0.58

Outlet water - 14.36 - 3.53

Agrciulture - 209.00 - 18.80

Denitrification - 95.20 0

Water quality model
Nutrient concentrations are calculated for each section of main waterway in time 
steps of 2 hours based on the different water fractions (rainwater, inlet water, etc.) 
in a section and their respective nutrient concentrations. Additionally, the main 
water quality processes such as nitrification, denitrification, adsorption, minerali-
sation, and algal growth and mortality are modelled in each section. Default values 
of the water quality module of SOBEK 2.11.002 (WL-DELFT, 2009) were used regard-
ing the parameters and functions of the water quality processes (for a full overview 
see Hellmann and Vermaat (2011)), except for the distribution coefficient of dis-
solved inorganic phosphate (PO4) vs. adsorbed phosphate (AAP), sediment oxygen 
demand (SOD) and the mortality rate of algae. The latter parameters were adjusted 
during the calibration of the model in 2 existing Dutch peat polders.
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Nitrogen and phosphorus concentrations in the inlet water of the imaginary peat 
polder were set to the predetermined nitrogen and phosphorus concentrations 
in the inlet water according to the nutrient balance of the imaginary peat polder 
as described in Vermaat and Hellmann (2010). As the nutrient balance of the im-
aginary peat polder of Vermaat and Hellmann (2010) only specifies total nitrogen 
and phosphorus concentrations, assumptions had to be made to distribute total 
nitrogen and phosphorus over the relevant nitrogen and phosphorus species. The 
assumption was made that total nitrogen was distributed over nitrate (NO3), am-
monium (NH4), detritus (detN) and algae (algN) according to the ratio 5: 5.7: 15.6: 1. 
Total phosphorus was assumed to be distributed over detritus (detP), PO4, AAP and 
algae (algP) according to 5: 22: 1: 1. These assumptions were based on the default 
settings of the modelling software SOBEK, water quality data of Waternet, Van 
Beek (2007), Janse (2005) and Schreurs (1992).

The main waterways receive drainage water from both agricultural and urban area. 
Nutrient concentrations in drainage water from urban areas were assumed to be 
equal to the concentrations in rainwater as specified in the nutrient balance of 
the imaginary peat polder of Vermaat and Hellmann (2010). This is based on the 
assumption of no seepage in urban areas and a separate sewage system which pre-
vents sewer overflows during heavy rainfall. These assumptions make rainfall the 
dominant source for drainage water from urban land. In the Netherlands, nitrogen 
and phosphorus can be assumed to occur as NO3 and PO4 in rainwater (De Vries et 
al., 1994). 

Drainage water from agricultural land consists of multiple fluxes, of which rainfall, 
seepage and percolation are the most important. Based on the share of each flux 
in the drainage water and the respective nutrient concentrations of each flux, the 
nutrient concentrations of the drainage water are calculated. Because it was not 
possible to include both seepage and percolation on agricultural land in the model-
ling software, a net seepage term had to be used. On average, this net seepage term 
was negative in Vermaat and Hellmann (2010). Hence the average polder lost some 
water, although variation among polders was considerable. Nutrient concentra-
tions of seepage and percolation water were comparable according to the nutrient 
balance of the average peat polder, which makes the error introduced through this 
approach relatively small.

Run-off of nutrients from agricultural land is calculated outside the SOBEK mod-
elling software. The total nutrient load into the surface water is derived from the 
nutrient balance of the imaginary peat polder, in which several input terms of both 
nitrogen and phosphorus are estimated (Vermaat and Hellmann, 2010). Based on 
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several of these input terms, a soil surface surplus was calculated according to Van 
Beek et al. (2009). The soil surface surplus of nitrogen and phosphorus were found 
to be 115.54 kgN ha-1year-1 and 10.28 kgP ha-1year-1 respectively. According to the rela-
tion between soil surface surplus and run-off presented by Van Beek et al. (2009), 
the soil surface surpluses translates into a yearly run-off of 33.90 kgN ha-1year-1 and 
10.28 kgP ha-1year-1. The assumption was made that these nutrients will run-off dur-
ing the period September–May, outside the main grazing season.

Calibration
The described model settings were used to simulate the nutrient concentrations in 
two existing well-monitored Dutch polders, i.e. the Hilversumse Bovenmeent and 
the Nieuwe Keverdijkse Polder. Additionally, chloride concentrations were mod-
elled. Chloride, total phosphorus and total nitrogen concentrations were simulated 
for respectively the period 2003-2004 and 2000-2004 using existing meteorological 
data as input. Additionally, data regarding the amount and quality of inlet water 
and seepage were used, and is the run-off of nutrients from agricultural land es-
timated based on the methodology of Van Beek et al. (2009) as described in the 
previous section. The simulated concentrations of chloride, total nitrogen and total 
phosphorus were compared with monitoring data made available by the water-
board Waternet. Although the Hilversumse Bovenmeent and the Nieuwe Keverdi-
jkse Polder have a smaller area than the imaginary peat polder, these two polders 
were nonetheless chosen to calibrate the modelling approach as all necessary in-
put data was readily available for these two polders. Vermaat and Hellmann (2010) 
have studied the relevance of polder size for water and nutrient terms in Dutch 
peat polders. This study found that larger polders tend to have lower population 
levels and higher phosphorus levels, but no relation was found with water or nitro-
gen fluxes. Therefore, the choice of these two polders for calibrating the modelling 
approach might be debatable for phosphorus fluxes, but not for water quantity or 
nitrogen fluxes.

Greenhouse gas emissions
Changes in groundwater level are known to have a substantial impact on green-
house gas emissions. By quantifying the relation between groundwater level and 
greenhouse gas emissions, it is possible to give a rough estimate of the impact of 
changing groundwater levels in our scenarios on greenhouse gas emissions. For 
instance, Van Beek et al. (2010) provide a linear relation between the relative share 
of N2O emissions per kg nitrogen input and groundwater level (N2O emissions per 
kg N = 0.0027 * groundwater level – 0.020; r2 = 0.74). Likewise, Dias et al. (2010) 
related terrestrial CH4 emissions to groundwater levels (CH4 emissions = 9.4 / 
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groundwater level – 0.095; r2 = 0.45), whereby assuming that emissions occur only 
during April-September in estimating annual CH4 emissions (pers. comm. A. Dias). 
Terrestrial CO2 emissions can be estimated based on the data described in Jacobs 
et al. (2007). Jacobs et al. (2007) provide average yearly CO2 emissions of six sites 
on organic soil. We estimated average yearly surface water levels for these sites 
and plotted CO2 emission against surface water level for these sites (CO2 emissions 
= 5.18 * groundwater level + 13.1, r² = 0.4943). Jacobs et al. (2007) did not provide 
groundwater levels in their study. Therefore, we had to assume that the relation 
between surface water level and annual CO2 emission was also valid for groundwa-
ter to estimate the effect of lower groundwater levels on CO2 emissions. No aquatic 
greenhouse gas emissions were estimated.

5.3 Results

Calibration
The modelled chloride concentrations at the outlet correspond reasonably to the 
measured values (figure 5.2), indicating that the main waterfluxes are modelled 
correctly. Total nitrogen is modelled correctly for the Hilversumse Bovenmeent, but 
the modelled concentrations divert considerably from the measured values for the 
Nieuwe Keverdijkse Polder. The differences are mainly due to an incorrect simula-
tion of the seasonal dynamics as the order of magnitude of modelled and measured 
concentrations does correspond well. The same holds for total phosphorus. The 
difference in seasonal dynamics of total nitrogen and total phosphorus is prob-
ably attributable to the absence of macrophytes in the SOBEK modelling software, 
which only allows an approximation of macrophyte vegetation through phyto-
plankton. Hence, the considerable length of waterways in these peat polders prob-
ably results in more nutrient retention than modelled. Nonetheless, the order of 
magnitude of modelled and measured concentrations corresponds reasonably and 
the applied model(settings) therefore seem to represent the main water and nutri-
ent processes sufficiently. Any large differences in the imaginary peat polder due to 
climate change are therefore likely to be reflected in the scenario outcomes.

Surface water levels
Modelled water levels in scenario G differ little compared to the current period 
(1976-2005), whereas they fluctuate more and show a larger overall difference in 
scenario W+ (table 5.5; figure 5.3). Especially conspicuous is the lower surface wa-
ter level in the 2nd half in most years of scenario W+ as compared to the current 
situation. These fluctuations are maximally 7% beyond the amplitude of the cur-
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rent period (roughly corresponding to ± 12 cm), but are predominantly lower than 
the current period.

Figure 5.2 Chloride and nutrient concentrations of respectively Hilversumse Bovenmeent and 

Nieuwe Keverdjjkse Polder were simulated and compared with measurements to calibrate the 

model settings. Shown are the modelled (line) vs. measured concentrations (dots) of chloride, 

total nitrogen and total phosphorus (mg/L) at the outlet of the two polders.
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Groundwater levels
Also groundwater levels in scenario G differ relatively little compared to the current 
period (table 5.5; figure 5.3). This is not the case in scenario W+, where groundwa-
ter levels are roughly 10-15% lower than in the current period. Groundwater levels 
decrease especially in the 2nd half (July- December) of the year in scenario W+ 
(with a maximum decrease of 50 cm below surface level). Apparently, meteoro-
logical changes in the (extreme) W+ scenario are strong enough to be traceable in 
groundwater levels in late summer.

T 5.5 Summary of the modelling results. The yearly average surface water level and groundwater 

level are given in meters below NAP (Amsterdam Ordnance Datum), and the yearly average total 

nitrogen and phosphorus concentrations are given in mg/L. The average total yearly greenhouse 

gas emission is given in CO2 equivalents (g CO2 m
-2 y-1).

Baseline period Scenario G Scenario	W+

Surface water level -1.69 -1.69 -1.71

Groundwater level -1.46 -1.46 -1.55

Total N concentration 6.83 6.80 7.03

Total P concentration 0.12 0.12 0.10

Yearly greenhouse gas 
emission

1158 1158 1457
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Figure 5.3 Comparison of current (ground)waterlevels with projected/modelled (ground)water-

levels under the two climate change scenarios. Shown is the difference (in m) in average surface 

water level (upper) and groundwater level (lower) of the imaginary peat polder between the 
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scenarios and the current period. The water level was taken at the same point near the water 

outlet both for the scenarios and the current period. Groundwater levels were taken from the 

same (arbitrarily chosen) agricultural land both for the scenarios and the current period. For 

each scenario, surface water level and groundwater level were compared with the water level 

on the corresponding date of the current period (i.e.: 1/1/2036 vs. 1/1/1976, 2/1/2036 vs. 2/1/1976, 

…, 31/12/2065 vs., 31/12/2005). Thereafter, the calculated differences were averaged for each 

1st part (= 1 January - 30 June) and 2nd part (= 1July - 31 December) of each modelled year. 

The average difference in surface water level is -0.019 m ± 0.006, and the average difference in 

groundwater level is -0.086 m ± 0.013.

Nutrient concentrations
Total nitrogen concentrations in scenario G do not differ from those of the current 
period (table 5.5; figure 5.4). However, total nitrogen concentrations in scenario 
W+ are distinctly higher than in the current period. The reverse is true for the total 
phosphorus concentrations: in scenario W+ the values are distinctly higher than 
in the current period. Thus, total nitrogen and phosphorus concentrations seem to 
differ little between scenario G and the current period, but do differ between sce-
nario W+ and the current period where total nitrogen concentrations increase and 
total phosphorus concentrations decrease.

As changes in precipitation and evaporation in scenario W+ should have roughly 
the same effect on both nutrients, the different trends of total nitrogen and total 
phosphorus should probably be attributed to local water dynamics and water 
quality processes. Possibly a decreased flow velocity in scenario W+ due to re-
duced rainfall and increased evaporation causes an enhanced sedimentation of 
(adsorbed) phosphate, which reduces phosphorus levels. Indeed, the difference in 
flow velocity between both scenarios corresponds remarkably well with the differ-
ence in total phosphorus (r2 = 0.506; figure 5.5). Sedimentation is a minor process in 
the nitrogen cycle, which can explain why the reduced flow velocity in scenario W+ 
does not affect total nitrogen levels. Nitrogen concentrations probably increase as 
a result of reduced flushing rates (i.e. reduced rainfall and increased evaporation) 
and increased mineralisation rates (i.e. higher average temperatures).

Greenhouse gas emissions
Based on the relations between greenhouse gas emissions and groundwater levels, 
a rough estimate can be given for the effect of the modelled decrease in groundwa-
ter level in the scenarios on greenhouse gas emissions. Table 5.5 shows the total 
yearly greenhouse gas emission and table 5.6 shows the respective N2O, CH4 and 
CO2 emissions in CO2 equivalents for both scenarios (NOTE: as groundwater levels 
in scenario G do not differ much with current groundwater levels, also the current 
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greenhouse gas emissions are comparable with scenario G and are not shown). 
Total terrestrial greenhouse gas emission is 1158 CO2 equivalents in scenario G and 
1457 in scenario W+; i.e. the anticipated decrease in groundwater level would result 
in an extra emission of 299 CO2 equivalents per m2 in scenario W+, which is ≈15% 
of the total terrestrial greenhouse gas emission per m2 reported by Langeveld et al. 
(1997) for drained peat soils in the Netherlands. Aquatic greenhouse gas emissions 
were not estimated. But because aquatic greenhouse gas emissions are dependent 
on water depth (Vermaat et al., 2011; Schrier-Uijl et al., 2011) and surface water lev-
els are anticipated to change little in both scenarios, it seems reasonable to assume 
that aquatic greenhouse gas emissions would not have not changed the contrast 
between the scenarios.

T 5.6 Calculation of annual greenhouse gas emissions from Dutch peat polders under the two 

climate change scenarios taking into account the modelled decrease in groundwater level in 

each scenario.

Greenhouse gas Annual emission in scenario G Annual	emission	in	scenario	W+
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2
O m-2 y-1)

=
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Figure 5.4 Comparison of current nutrient concentrations with projected/modelled nutrient 

concentrations in the two climate change scenarios. Shown is the difference in average total  

nitrogen (upper diagram) and phosphorus concentrations (lower diagram) at the same point near 

the outlet between the scenarios (2036-2065) and the current period (1976-2005). Total nitrogen 

and phosphorus concentrations in the scenarios were compared with the concentrations on the 

corresponding date of the current period 1976-2005. Thereafter, the calculated differences were 

averaged for each 1st part (= 1 January - 30 June) and 2nd part (= 1 July - 31 December) of each 

modelled year. The average difference in total nitrogen concentration is 0.238 mg/L ± 0.088 

and the average difference in total phosphorus concentration is -0.015 mg/L ± 0.002.
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Figure 5.5 Average difference in stream velocity between scenario G and W+ (m/s) of each 1st 

part (= 1 January - 30 June) and 2nd part (= 1 July - 31 December) of each modelled year plotted 

against the average difference in total phosphorus concentration between scenario G and W+ 

(mg/L) of each 1st part and 2nd part of the same year. Stream velocity and phosphorus concen-

tration were determined ± 2km before before the outlet in the main waterways. In the analysis, 

points with a difference in stream velocity < 0.005 m/s have been ignored in calculating the 

average stream velocity of each year part.

5.4 Discussion

Our model calculations show relatively small differences in surface water levels 
between both scenarios and the current period, suggesting that surface water levels 
will change little due to climate change in Dutch polders. Some authors expect an 
increased need for inlet water during dry summer periods to compensate for in-
creased evaporation rates and drought due to climate change (Besse-Lotoskaya and 
Verdonschot, 2010). This is current practice during dry summer periods, but our 
results suggest that the volume and frequency of water inlets need to change little 
in the near future (» 30-60 yrs from now) due to climate change. This will also de-
pend on seepage and percolation rates in individual polders which are quite vari-
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able in Dutch peat polders (respectively ranging between 0-423 and 0-823 mm yr-1 
in a set of 13 polders reviewed by Vermaat and Hellmann (2010)). As the water inlet 
in Dutch polders is often associated with water quality deterioration (due to extra 
inputs of nutrients, sulphur, or alkaline water; Smolders et al., 2010), this result 
can be considered as a positive outcome for water quality and biodiversity.

Modelled groundwater levels differ little between scenario G and the current situ-
ation, but differ substantially more in scenario W+, with the largest differences in 
late summer. This decrease in groundwater level (i.e. a maximum decrease of 50 cm 
below surface level) will not affect current agricultural land use on peat. In Dutch 
peat polders, dairy farming generally maintains groundwater levels of 60 cm below 
surface level and becomes unprofitable at groundwater levels higher than 35 cm be-
low surface level (Van der Ploeg et al., 2001). In both scenarios, groundwater levels 
are generally not much higher than in the current situation and major yield reduc-
tions due to too high groundwater levels are therefore not to be expected. The low 
groundwater levels in late summer in scenario W+ could have negative consequences 
for intensive livestock farming as water stress may become limiting for grass growth. 
On the other hand the lower groundwater levels could also be beneficial as they give 
farmers better access to their lands with heavy equipment in late summer to apply 
manure, and will delay the need to pump off drainage water. Overall, the anticipated 
changes in groundwater levels are not sufficiently extreme to affect current land use 
in Dutch peat polders - even in scenario W+. Climate change is thus unlikely to result 
in major land uses changes in Dutch peat polders in the coming 50 years. 

Although the late summer drop in groundwater level in the W+ scenario appears 
to have only limited consequences for land use, it will probably accelerate the on-
going process of peat oxidation in these polders. Schothorst (1977) showed that 
prolonged periods of summer drought could significantly accelerate peat oxida-
tion. Peat oxidation has several implications: oxidation releases nutrients and the 
greenhouse gases CO2, N2O and possibly CH4 (Van Beek et al., 2004; Kroon et al., 
2010; Dias et al., 2010). These greenhouse gases have a negative impact on global 
warming and the released nutrients exacerbate the widespread eutrophication 
problem (Van Beek et al., 2003; Van Beek et al., 2004; Kroon et al., 2010; Dias et 
al., 2010). This modelling study could not include the nutrients released during 
peat oxidation and therefore cannot draw any conclusions regarding its impact on 
water quality. Peat oxidation causes large-scale soil subsidence in Dutch peat pol-
ders (Schothorst, 1977). Soil subsidence is considered a long-term socio-economic 
problem in these polders due to its consequences for water management, land use 
and infrastructure (Schothorst, 1977). The significantly lower groundwater levels 
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anticipated in scenario W+ are likely to enhance current problems with soil subsid-
ence. Van den Akker et al. (2010) estimate that a 10 cm decrease in average lowest 
groundwater levels results roughly in an additional 2.4 mm soil subsidence per 
year. Our calculations show an average annual decrease in groundwater level of 
8 cm. If the average lowest groundwater levels will show a similar decrease, this 
would mean 2.1 mm extra soil subsidence per year.

The model has also been used to calculate the consequences of climate change for 
nitrogen and phosphorus fluxes in the average Dutch polder. Simulated concen-
trations differed little between scenario G and the current period, but W+ led to 
marked differences. As changes in precipitation and evaporation in scenario W+ 
should have roughly the same effect on both nutrients, the different trend between 
total nitrogen and total phosphorus should probably be attributed to local water dy-
namics and water quality processes. Although the water quality module of the mod-
elling software is very complex and multiple water quality processes could cause 
these patterns, it seems likely that a reduced stream velocity in the W+ scenario 
has resulted in increased sedimentation of (adsorbed) phosphate thereby reduc-
ing the overall phosphorus concentrations. Unexpectedly, reduced flow in the W+ 
scenario as a result of climate change appears to cause a ‘phosphorus trap’, which 
reduces overall phosphorus concentrations. Total nitrogen concentrations increase 
in scenario W+ in summer compared to the current period, although the difference 
is smaller than with total phosphorus. We suggest that this is a consequence of both 
an increased supply of total nitrogen through higher mineralization rates and a de-
creased transport with outlet water due to reduced flushing rates (i.e. reduced rain-
fall and increased evaporation), which could affect nitrogen more than phosphorus 
as most nitrogen is dissolved as nitrate or ammonium. At this point, we also need to 
stress that the modelling software does not account for denitrification in the sedi-
ment. This could have led to a systematic underestimation of nitrogen retention and 
higher nitrogen concentrations in the water column, particularly in ditches with 
low flushing rates such as the Nieuwe Keverdijkse Polder (see fig 5.2). The lower 
phosphorus concentrations in the W+ scenario could have important consequences 
for the water quality and aquatic ecosystem in general in this scenario. As most 
(Dutch) freshwaters are phosphorus limited, high levels of phosphorus are generally 
a main driver of eutrophication (Van Liere et al., 2007). Decreasing phosphorus con-
centrations could therefore result in less eutrophication and associated duckweed 
problems in the W+ scenario. As some studies indicate that a threshold phosphorus 
concentration needs to be exceeded for duckweed dominance to occur in Dutch peat 
ditches (Van Liere et al., 2007), the relatively small decrease in phosphorus concen-
tration in the W+ scenario could therefore already have a potentially large impact.
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In conclusion, we expect that climate change, whether mild as in G or marked as 
in W+, will not require major adjustments in land use and water management in 
the coming century. At the same time, W+ is seen to cause a considerable drop in 
groundwater level, which will enhance subsidence and release greenhouse gases 
and nutrients. 
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