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Abstract
Lake IJsselmeer in the Netherlands provides fresh water supply, recreation, fisheries and is classified
as a NATURA 2000 site. At present, the main environmental issues of the lake are a decrease in
numbers and diversity of birds. It is believed that numbers and diversity of birds are declining
because of a decrease in food biomass and a deterioration of the food’s quality. Climate change,
nutrient reductions and direct human interference with the lake’s system are expected to increase
the stress the ecological functioning further.
An extended Delft3D was used to explore the effects of changes in climate and land use upon Lake
IJsslemeer’s fresh water biota. This model comprises not only the usual water quality (nutrients) and
algal modelling (biomass and species composition), but also the modelling of mussel biomass and its
effect on algae. The simulation of Lake IJsselmeer’s hydrodynamics takes about 3 days to run on a
computer, in real time, per simulated year, and therefore only one year was simulated. The year
2006 was taken as ‘base’ year because the hydrodynamics for this year were already available. The
output of the water quality model was used as input of the spatial analysis tool HABITAT to analyse
the effects of changes in climate and land use on biological indicators. Note: all models modelled
only the lake itself and not the whole catchment (i.e. Rhine).
Model results can be sensitive to changes in parameter settings. To gain insight in the model’s
sensitivity, several sensitivity runs were performed for the water quality model The results showed
that the water quality model was sensitive to changes in algae growth rate but not to algae mortality
and P and Si mineralisation rates. The sensitivity of the model to changes in algal growth rates is
straightforward because algal growth is intertwined with NO3, PO4 and Chl-a concentrations. The
HABITAT tool proved sensitive to temperature increases regarding zebra mussel and smelt. Smelt
was also sensitive to changes in light extinction coefficient. Only small changes in these parameters
resulted in noticeable changed outputs.
The scenarios simulated were based on climate change and land use change scenarios. The
minimum and maximum temperature increases predicted by the Royal Dutch Meteorological
Institute for the year 2050 were used to investigate the response of the lake ecosystem to projected
changes in air temperature. As Lake IJsselmeer has a managed water level, changes in precipitation
were not incorporated. For the land use changes and their effects on the lake via changes in
nutrients, scenarios made by the Dutch Bureau for the Environment (RIVM) were used. Projections
were made for the year 2030 and are comparable to the four socio economic developments
representative of the four SRES storylines (Nijs et al., 2002). The scenarios simulated were:
 Climate change scenario ‘CC G’: a temperature increase of 0.9°C
 Climate change scenario ‘CC Wp’: a temperature increase of 2.6°C
 Land use change scenario ‘LU IW’: a reduction in TotN and TotP load of 19%
 Land use change scenario ‘LU CW’: a reduction in TotN load of 47% and in TotP load of 51%
 Best case scenario: a combination of the CC G and LU CW scenario
 Worst case scenario: a combination of the CC Wp and LU IW scenario
For the water quality model, the climate change scenario with a temperature increase of 2.6 °C (CC
Wp) had greater effects on Lake IJsselmeer than the climate scenario with a temperature increase of
0.9 °C (CC G). However, the direction of change was comparable. Climate change decreases TotN and
NO3 (-2.5 to -7.5% and -6.5 to -14% respectively) and PO4 (-3.0 to -5.0%) concentrations, but
increases TotP (0.5 to 4.0%) and chlorophyll-a (12 to 19%) concentrations. Also primary production
(12 to 29%) and Zebra mussel biomass (7.0 to 12%) were increased. The land use scenarios ‘LU IW’
and ‘LU CW’ led to a reduction in nutrient loads, whereby the reductions of the latter scenarios were
greatest and had most influence on nutrient concentrations. Yearly nutrient concentrations changed
by: TotN:-19 to -45%; NO3: -19 to -46%; TotP: -21 to -55%; PO4: -24 to -60%. Chlorophyll-a

concentrations decreased by -15 to -42%. Primary production was lessened by -13 to -39% and
mussel biomass by -9 to -31%. The best case scenario, being the smallest temperature increase and
the largest nutrient reduction, mostly replicates the results of the land use scenario. The worst case
scenario, a combination of the highest temperature increase and smallest nutrient decrease, show
influence of both increased temperature and reductions in nutrients and holds between the CC Wp
and the LU IW results.
The simulation results of HABITAT showed that all scenarios have little effect on the habitat
suitability of macrophytes and hence on the food availability of herbivorous birds. The habitat
suitability of zebra mussels was mostly affected by temperature. When the temperature was
increase by 2.6 °C the habitat suitability for zebra mussels deteriorates disproportionally to almost
no suitable area in Lake IJsselmeer. The decrease in zebra mussel biomass led also to a decrease in
food availability of benthivorous birds. The habitat suitability of smelt was also affected by
temperature and moreover, increased transparency of the water led to a decrease in the smelt’s
habitat suitability as well. Piscovorous birds were affected in two contradictorily ways: increased
transparency increased sight into the water column, but this leads to fishes moving deeper into the
water column. This results in deeper dives and hence more energy use for piscivorous birds to catch
fish and hence, deterioration of the food availability for piscivorous birds.
In short, changes in climate and land use exert effects on the lake’s ecosystem via changed nutrient
availability:
- If only temperature increases (climate change), primary production is increased.
- If only nutrient loads are reduced (land use change), primary production is decreased.
A combination of increased temperatures and decreased nutrients lead to decreased
primary production.
- In general, nutrient reductions exert larger effects on the fresh water biota as Lake
IJsselmeer is a nutrient limited lake.
Changes in climate and land use exert effects on the lake’s ecosystem via changes in habitat
suitability for species:
- The level of increased temperatures (climate change) poses stress on zebra mussels and
smelt and lowers their habitat suitability.
- Decreased light extinction (land use change) lead to higher transparency, and affects the
habitat suitability of smelt.
- The effects of temperature and/or nutrient reductions are species dependent. For instance,
zebra mussels experience more effect from temperature increases and smelt from nutrient
reductions.
- Birds experience via their food effects of climate change and land use change.
In conclusion, Lake IJsselmeer is already under stress in terms of carrying capacity of specific birds
(like the pochard, scaup, smew and black tern) and fish species (like the smelt). A further reduction
in nutrients will increase this tension as primary production goes down and therefore affect the food
web. Temperature increase yields higher primary production which could increase the lakes’
productivity. However, the increased temperatures lead to less habitat suitability for the species that
are used as bird food nowadays.
Particularly nutrient reductions due to land use changes improve the lake WFD status. Thus for
maintaining or reaching a good WFD status for Lake IJsselmeer nothing should be done: Lake
IJsselmeer is right on track. However, on a species level, climate change and land use change are
likely to threaten the habitat suitability of some of the present day species. This again increases the
stress on the lake’s ecological functioning and can lead to not reaching the Nature2000 goals.
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1. Introduction
Lake IJsselmeer is the largest shallow lake of Western Europe and was constructed by the cut off of
the South Sea from the open ocean in 1932. Lake IJsselmeer provides fresh water supply, recreation,
fisheries and is classified as a NATURA 2000 site. Climate change, nutrient reductions and direct
human interference will likely put further stress upon this lake ecosystem, which is already
encountering environmental issues. Further stress upon the system will lessen the lake’s viability and
therefore its capacity to maintain present day functions. Nowadays the main environmental issues
of the lake are a decrease in numbers of birds and decreasing bird diversity. It is believed that this is
caused by decreased food availability and quality. The main food sources for birds in Lake IJsselmeer
are Dreissena polymorpha, Smelt, Ruff and macrophytes.

Figure 1.1: Overview of changes made to Lake Ijsselmeer area in the 20th century

1.1. Previous work on Lake IJsselmeer
Lake IJsselmeer has been subject of extensive research. In 2009 a 4 year research programme was
started to investigate why bird numbers were decreasing over recent years. Other research has
focused on the effect of changes in water level management on water quality (Boderie and
Hulsbergen, 2012) and on the biota (Harezlak and Maarse, 2009). In the former, a Delft3D model
was used to determine the effect of water level changes on water quality, more specifically light
penetration, water temperature, total nitrogen (TotN), total phosphate (TotP), total silicate (Si) and
chlorophyll-a (Chl-a). In the latter, the tool HABITAT was used to explore changes in suitable habitat
availability of Chara spp., Dreissena polymorpha and Smelt due to changes in water level
management.
A MSc student has extended the Delft3D model of Boderie and Hulsbergen (2012) with a dynamic
energy budget (DEB, for more info see Kooijman, 2001) model of Dreissena polymorpha to research
the effects of changes in food quantity and quality on the biomass of Dreissena polymorpha over the
last two decades in Lake IJsselmeer (Janssen, 2012). Problems arose with chlorophyll-a

concentrations: the explicit graze by the DEB model decreased chlorophyll-a far below measured
chlorophyll-a concentrations.

1.2. Refresh work
Work package 5 of REFRESH focuses on the biophysical modelling of baseline flow and nitrogen (N)
and phosphorus (P) concentrations to investigate the likely changes in the flow and N and P
concentrations under integrated scenarios of climate and land use changes. These results are then
used to determine how (if) the change in flow and water quality will affect the freshwater biota
(Wade, 2012).
Within the case study of Lake IJsselmeer in REFRESH, the Delft3D model of Boderie and Hulsbergen
(2012) together with the DEB extension of Janssen (2012) was used to research effects of climate
change and land use on water quality parameters, algae biomass and composition, and Dreissena
polymorpha biomass.
As the simulation of the hydrodynamics of Lake IJsselmeer in Delft3D takes about 3 days of real-time
computer run time per year simulated (without data gathering and preparation), it was decided to
simulate Lake IJsselmeer for one year only instead of the period 1960-2060 (see 2.3.2). As calculated
hydrodynamics were available for 2006 (Janssen, 2012; Boderie and Hulsbergen, 2012), this year was
taken as the ‘base’ year. Moreover, in contrast to the other modelling studies, only the lake itself is
modelled and not the whole catchment. Reason for this is amongst others that the catchment covers
the Rhine catchment.
Mussels are important bulk food for birds and the aim of Refresh WP 5 is to gain insight in the
effects of climate change and land use change on fresh water biota. Therefore, the DEB mussel
module was used to explicitly model mussel graze and the effect of changes in climate and/or land
use on a higher trophic level than only primary production. Consequently, firstly the water quality
model (see for more detail 2.2) is calibrated once more and secondly the DEB module is added and
calibrated if necessary. The focus of the water quality model is on the effect of climate and land use
changes on primary production by algae and its propagated effect on mussels.
The output of the water quality model was used as input to the HABITAT tool. Therefore, also the
HABITAT tool was run for one year. The focus of the HABITAT tool was on the effect of climate and
land use changes on the habitat availability and suitability for Chara spp., Dreissena polymorpha,
Smelt and its propagated effects on food availability for herbivorous, benthivorous and piscivorous
birds.
Models can be quite sensitive to changes in parameter settings and certain parameter settings could
lead to other results in terms of direction of change. Therefore, sensitivity analyses were run for the
water quality model and a descriptive exploration of the sensitivity of the HABITAT tool was made.
These outcomes were used test the models sensitivity to changed parameter settings

2. Study area, model set-up, scenarios and data
2.1. Study area
Lake IJsselmeer has a surface area of approximately 1140 km2. The average depth of the lake is 4.5
m, but some of the gullies reach depths of about 10 m (Noordhuis, 2010). The river IJssel, with an
average discharge of 300 m3 s-1, is the main water input of the lake (Blom and Winkels, 1998). The
lake itself discharges to the Wadden Sea by means of two sluices in the Afsluitdijk. The
hydrodynamics of the lake are wind dominated. The retention period of the lake is of the order of 3
to 4 months, and the water level is more or less stable at 20 cm and 40 cm below sea level during
summer and winter, respectively.

Figure 2.1: An aerial overview of a small part of the catchment of Lake IJsselmeer. The light
blue colour indicates the parts of land that are below sea level.

2.2. Model setup
The Refresh model application for Lake IJsselmeer comprises a Delft3D hydrodynamic model
coupled with a water quality and the DEB module (http://oss.deltares.nl/web/opendelft3d). The
output of the water quality model is used as input for the HABITAT tool (habitat.deltares.nl) (Figure
2.2).

Figure 2.2: An overview of the models used, their dependencies and their main field of application.
The hydrodynamics are performed on a 3D grid consisting of 45000 segments, ordered as sigma
layers. The hydrodynamics were calculated using actual wind forcing and water levels of the year
2006. The hydrodynamics were calculated on a 10 minute time interval. The water quality model is a
2D model (hydrodynamics are averaged over the vertical and some aggregation over the horizontal)
and has 1493 segments (Figure 2.3). The water quality model performs calculations on a daily time
step.

Figure 2.3: The grid structure of the water quality model of Lake IJsselmeer.
The water quality model lacks a validated spatial pattern of suspended matter. Hence, the light
climate is calculated by a linear relation between the background extinction, a spatial uniform
suspended matter field and modelled organic substances (algae and their products). The water
temperature is derived from biweekly measured water temperatures. Nutrient loads were derived
from measured data (national measuring network and waterboards).
Algae dynamics were simulated by the primary production module BLOOM, which uses linear
programming as calculation method (Los, 2009). The water quality model also contains the Dynamic
Energy Budget Model for Dreissena polymorpha. This module was based on the DEB-theory of
Kooijman (2001). DEB-theory is a modelling framework based on first order principles and simple
physiology-based rules that describe the uptake and use of energy and nutrients and the
consequences for physiological organization throughout an organism’s life cycle. This module helps

to understand how biomass of bivalves is altered by changes in climate and land use. The substances
and processes incorporated in the water quality model are shown in Figure 2.4.

Figure 2.4: Overview of substances and processes in the Delft3D water quality model (adapted
from Blauw et al., 2009).
Part of the water quality results (temperature and light extinction) are used by the HABITAT tool
(Figure 2.5). For REFRESH, the HABITAT application of Lake IJsselmeer developed by Harezlak and
Maarse (2009) is used. The knowledge rules incorporated in the HABITAT model are described at
habitat.deltares.nl. The ecological indicators for this model are Chara spp., Dreissena polymorpha,
Smelt and herbivorous, piscivorous and benthivorous birds. HABITAT calculates an average condition
for a species during a year and/or growing season.

Figure 2.5: Conceptual framework of the HABITAT software.

2.3. Data
2.3.1. Measurement data
For nutrient loadings and to calibrate and validate the model, observation data are required. This
data was available from the national measuring network (MWTL, observation points are depicted in
Figure 2.6), seven yearly bivalve mappings, water boards and the Royal Dutch Meteorological
Institute (KNMI). The data series consists out of among other things:
 Ammonium concentration (mg N-NH4/l)
 Chlorophyll-a concentration (ug Chl-a/l)
 Extinction coefficient (/m)
 Kjeldahl-N concentration (mg N-NKj/l)
 Nitrate concentration (mg N-NO3/l)
 Ortho phosphate concentration (mg P-PO4/l)
 Oxygen concentration (mg O2/l)
 Silicate concentration (mg Si/l)
 Total phosphorus concentration (mg P/l)
 Water level (cm)
 Water temperature (°C)
 Discharge (m3/s)
 Air temperature (°C)
 Radiation (W/m2)
 Precipitation (mm/dag)
Most of the observation points of the MWTL data (most important for calibration and validation) are
no longer operating. From 2000 onwards, only biweekly data from Ketmwt, Steilbk and Vrouwzd is
available. MWTL data contains also data on the daily river discharges and the nutrient
concentrations (biweekly) to Lake IJsselmeer. Data from water boards diverge from daily (water
discharges) to biweekly and monthly (nutrients, water temperature) measurements and are mostly
available from 2000 onwards. Data from the water boards includes all direct discharges to Lake
IJsselmeer (WWTP, pumping stations).The meteorological data is available on a daily basis from the
1950 (precipitation, temperature) or 1975 (radiation).

Figure 2.6: Overview of MWTL measuring locations of physical, chemical and/or biological
parameters in Lake IJsselmeer area. Blue dots are measuring locations in an adjacent lake.
2.3.2. REFRESH data
It was decided that the base run (to calibrate and validate the models) for all models in work
package 5 comprises the period 1960-2010 and that the scenario runs cover the period 2010-2060.
As explained earlier, only one year was modelled for the Lake IJsselmeer case. For the scenario runs,
climatic data (temperature and precipitation) was provided for each catchment, except Lake
IJsselmeer, for the period 2010-2060. It is explained in §112.4 how data for climate and land use
scenarios was constructed.

2.4. Model runs
2.4.1. Base case
2.4.1.2 Input for the year 2006
To run the water quality model, daily wind speed and direction, air temperature, incoming solar
radiation, water discharges and nutrient loads are required. As such, for the year 2006 wind,
temperature, and radiation data were obtained from KNMI. Data regarding water discharges and
nutrients loads were obtained from the MWTL and water boards.
For the HABITAT tool, bathymetry measurements of 2004 were used as well as the 10 year averaged
wind fields (2001-2010), sediment measurements of 2004 and sludge content of the sediment stems
from a 2009 sludge simulation of Lake IJsselmeer. Water temperature and extinction of the light
comes was simulated by the water quality model.
2.4.1.3 Loads

The nutrient loads from the inflowing rivers and diffuse inputs from the land were estimated from
observations. However, as most of the water and nutrients enter Lake IJsselmeer at the southern
part of the lake, the observation point Ketmwt is taken as check point for the loads. The check shows
that at the beginning of the year total N concentrations are slightly too low, whereas total P
concentrations are slightly too high. For the remainder of the year, modelled and observed
concentrations match reasonable well (Figure 2.7).

Figure 2.7: modelled (blue) and observed (red) concentrations of total N (left) and total P (right) in
mg/l.
2.4.1.1 Calibration and validation
The water quality model was calibrated manually. The parameter values were derived from
literature and previous calibration work (e.g. WL Hydraulics, 1982, Michielsen and Los, 1997;
Lammens, 1999). Auto calibration was not preferred as these can result in parameter sets that do
not make physical sense, the number of parameters to be changed is limited and the aim of the
work is to use the models to learn about how the ecosystem functions.
During calibration it became evident that some parameters need to be adapted. These were the
growth rate of algae (increase for diatoms and greens, decrease for bluegreens), P mineralization
rates (increase) and Si mineralization rates (increase). The adapted parameter values were
determined by manually altering them and concurrently shed light on the sensitivity of the model to
changes in parameters (2.4.1.3).
The calibrated model is validated by comparing its results to measured data (time series analyses
and target diagrams).
The HABITAT tool uses knowledge rules that were calibrated and validated for Lake Markermeer and
partly on Lake IJsselmeer (Haasnoot et al., 2005). Lake Markermeer is lake is adjacent to Lake
IJsselmeer and resembles its physical features. Therefore, it was decided that the knowledge rules
from Lake Markermeer are fit for Lake IJsselmeer.
2.4.1.3 Sensitivity analysis
Sensitivity analyses for the water quality model were done based on the calibration of the water
quality model. Additionally, for the DEB module the effect of mortality rates of algae on Chl-a was
tested, as it seemed that this could be a key to the too low Chl-a concentrations in the model results
of Janssen (2012). Table 2.1 gives an overview of the sensitivity runs. The sensitivity of the HABITAT
tool is deduced from combining the knowledge rules used and the input stemming from the water
quality model in a descriptive way.

Table 2.1 Sensitivity runs for the water quality model
Run
Sens_1
Sens_2
Sens_3
Sens_4

Changed
Algae growth rates
Algae mortality rates
Mineralisation of phosphorus increased
Mineralisation of silicate increased

2.4.2. Scenarios
2.4.2.1. Climate change scenarios
As only one year is modelled and not the time series 2010-2060, we had to find a way to incorporate
climate change in the model. For the Netherlands the KNMI developed four climate change
scenarios, having the socio economic scenarios of deliverable 1.12 as starting point. Here climate
change scenarios depend on the focus of global development in general: being more economic or
more sustainable and on what scale: global or local. For the Netherlands this resulted in the four
climate scenarios called (with not very descriptive names) G, Gp, W and Wp. G is the scenario with
the least and Wp the scenario with the most change in for example temperature and precipitation.
The temperature increase in scenario G is 0.9°C and in scenario Wp 2.6°C. These temperature
increases are on the lower and higher end of the 2050-2060 decadal yearly averaged air
temperature of the Thames catchment. Therefore, it is appropriate to use these two temperature
increases, as it give best and worst case scenario regarding predicted temperature increase.
The KNMI climate model gave also information on changes in precipitation patterns. In the
Deltaprogramm (unpublished) simulations were conducted where these precipitation changes were
applied on the Rhine catchment area. This resulted in alterations in the river IJssel discharge for both
the G and Wp scenario in 2050 (Figure 2.8). The G scenario does not divert much from the present
day situation. The Wp scenario and the present day situation deviate in summer and autumn
discharges: the Wp IJssel discharge is lower than present day situation. Because the water level of
Lake IJsselmeer is managed in a strict way, changes in discharge leads to changes in residence time.
As it is unknown how the nutrient concentrations entering the lake are affected by different
precipitation regimes we assumed out of simplicity that the nutrient loads to lake IJsselmeer stay, in
the climate scenario’s only, equal to present day situation. So, the climate change scenarios can be
summarised as a temperature increase of 0.9°C and 2.6°C for scenario G and Wp respectively.

Figure 2.8: discharge of river IJssel under present day climate (blue), in 2050 under G scenario (red)
and Wp scenario (green) in 10e6 m3/s.

4.2.2.2. Land use scenarios
The Dutch bureau for the environment (RIVM) made predictions on land use changes for the year
2030 that are based on the four socio economic developments noted in deliverable 1.12 (Nijs et al.,
2002). However, this is only done for the Dutch part of the Rhine catchment. The provided budget
did not allow exploration of land use change scenarios in the rest of the Rhine catchment due to the
scale of the undertaking (Switzerland and Germany). We therefore extrapolated the projected land
use changes in the Netherlands on those countries as well. The result of the land uses changes is a
decrease of nutrient input of TotN and TotP in all four scenarios. Nutrient loads are reduced most in
Cooperating World (CW) and least in Individual World (IW). As a best and worst case scenario, those
two scenarios are taken as the land use scenarios.
Table 2.2: overview of nutrient reductions due to socio-economic developments
Scenario
Individual World (IW)
Individual Region (IR)
Cooperating World (CW)
Cooperating Region (CR)

TotN

TotP
-19%
-29%
-47%
-17%

-19%
-40%
-51%
-24%

4.2.2.3. Scenario runs
In the water quality model, climate change is represented as an increase in water temperature (air T
increas : water T increase assumed as 1:1 (so, water temperature is overestimated)) . Changes in
water temperature alter primary production and/or algae species composition by increased nutrient
availability (due to for example increased mineralisation rates) and by changes in growth, mortality
and respiration rates of algae. Changes in land use (in the model represented as reductions in TotN
and TotP loads) change primary production and/or algae species composition by reduced nutrient
availability and changes in nutrient ratios (Figure 2.9). Changes in primary production and algae
species composition can be of importance for Lake IJsselmeer because it can have consequences for
food availability for mussels (decreased primary production) and/or having food with poorer quality
(more blue green algae, smaller algae etc.).

Figure 2.9: Flow chart of the effects of changes in climate and land use on primary production in
the water quality model.

For the HABITAT tool the same scenarios as the water quality model (Table 2.4). In the HABITAT tool,
changes in climate and land use are dominated by changes in temperature and extinction coefficient
of light. It depends on the knowledge rules used for the specific species how the scenarios will
influence the habitat suitability of the species (Table 2.3).
Table 2.3: Overview of the species (groups) modelled by the HABITAT tool and the routes of how
the scenarios affect the species (groups). Data is coming from habitat.deltares.nl

Species
(group)
Macrophytes

Temperature
No influence

Zebra mussel

Extinction coefficient
Via the formula (Van den Berg et al., 1999):
exp(-0.015+-0.024*depth+-0.36*extinction
+0.0023*fetch+0.12*sediment+ 0.0084*depth
*extinction+0.000024*depth*fetch-0.06*
extinction*sediment-0.0002*fetch*sediment0.000019*depth*extinction*fetch+0.0000812*
extinctionr*fetch*sediment+0.0000000778
*depth*extinction*fetch*sediment)

No influence

Smelt

Herbivorous
birds
Bentivorous
birds
Piscivorus
birds

No influence

Via Macrophytes

Via Zebra mussel

No influence

No influence

Via transparency of the water (0.5 –
4 meter)

Table 2.4: Overview of runs for Lake IJsselmeer

Scenario
Climate Change ‘CC G’
Climate Change ‘CC Wp’
Landuse ‘LU IW’
Landuse ‘LU CW’
Best case ‘G&CW’
Worst case ‘Wp&IW’

Cause
Air temperature increase of 0.9C
Air temperature increase of 2.6C
TotN load -19%, TotP load -19%
TotN load -47%, TotP load -51%
Combination of ‘CC G’ and ‘LU CW’
Combination of ‘CC Wp’ and ‘LU IW’

3. Results
In this section, the results of the base case, the sensitivity analyses and the scenarios are presented
for both the water quality and the HABITAT model. For the water quality model, a comparison
between the calibrated original case (without DEB module) and base case (with DEB module) are
made based on time series and target diagrams. For the sensitivity analyses also time series are
shown for comparison. The results of the scenario runs are depicted in yearly, summer and autumn
averages. For HABITAT, sensitivity and scenario analyses are made based on so-called difference
maps between the reference and all the other runs.

3.1. Base case
3.1.1. Nitrogen
TotN follows the measured TotN concentrations in the middle of the lake well in both the simulation
with and without DEB (Figure 3.1). However, the extraordinary high TotN concentrations in August
until November are missed in both models. The simulation with DEB simulates the decreasing TotN
concentrations in June and July better than simulation without DEB.

TotN (mg N/l) without DEB

TotN (mg N/l) with DEB

NO3 (mg N/l) without DEB

NO3 (mg N/l) with DEB

Figure 3.1: 2006 TotN concentrations (mg N/l) for measuring station Vrouwezand for the simulations
without (left) and with DEB (right), with measured data (dots) and mean, median and 90% confidence
intervals of ten year measurement series (2001-2011). The same is shown for NO3 at the bottom row.

For NO3, the simulation without DEB underestimates the NO3 concentrations in spring and
overestimates them in summer. The simulation with DEB simulates the measured NO3 better than
the simulation without DEB (Figure 3.1). The measured low NO3 concentrations indicate N limitation
of algae growth in July until September.

Intermezzo limitations
In the water quality model, energy, nitrate, phosphate and silicate control algae growth and algae
species composition. Algae take up nitrate, phosphate and silicate, thereby making it unavailable for
other algae. The algae that are most specialized under specific energy, nitrate, phosphate and
silicate conditions will dominate the system.
In the top figure of Figure 3.2 algae experience P limitation and the other nutrients (including
energy) are available in surplus. This environment is suitable for P-specialist algae. When P loads are
reduced, P limitation will become stricter and the surplus of the other nutrients increases (left hand
side figure in Figure 3.2) and it is likely that even more P-specialized algae start to dominate the
system and/or primary production is reduced. Increasing P loads lead to more consumption of the
other nutrients, until other nutrients become co-limiting (middle figure in Figure 3.2) or limiting
(right hand side figure in Figure 3.2). Consequently, this can lead to changes in primary production
(more nutrients available) and/or other algae species that are N-specialists instead of P-specialists.

Figure 3.2: alterations in nutrient limitations for algae growth and primary production
3.1.2. Phosphate
Measured TotP concentrations are conflicting themselves: in the period August until November
higher and lower TotP concentrations are measured at Vrouwezand. It is unclear which
measurement is correct. The simulation without DEB simulates the higher measurements better and
the simulation with DEB the lower measurements. Both model runs are capable of simulating
increased TotP concentrations in summer (Figure 3.3).

TotP (mg P/l) without DEB

TotP (mg P/l) with DEB

PO4 (mg P/l) without DEB

PO4 (mg P/l) with DEB

Figure 3.3: 2006 TotP concentrations (mg P L-1) for measuring station Vrouwezand for the
simulation without DEB (top left) and with DEB (top right), with measured data (dots) and mean,
median and 90% confidence intervals of ten year measurement series (2001-2011). The same is
shown for PO4 at the bottom row.
Both model runs overestimate PO4 concentrations in February and December. Notable is the
simulated PO4 peak in March in the simulation with DEB: it may look worse than the simulation
without DEB, but in both cases, the runs simulate the measured PO4 concentration (Figure 3.3). The
measured low PO4 concentrations during summer indicate P-limitation for algae growth during this
period.
3.1.3. Silicate
Both model runs overestimate Si concentrations in March until May. The simulation with DEB seems
to capture somewhat more of the irregular behaviour of Si than the simulation without DEB (Figure
3.4). Measured Si concentrations around zero indicate Si limitation of diatom growth and therefore
indicate episodes where diatoms are present in the algae species composition in relative large
quantities.

Si (mg Si/l) without DEB

Si (mg Si/l) with DEB

Figure 3.4: 2006 Si concentrations (mg Si/l) for measuring station Vrouwezand for the simulation
without DEB (left) and with DEB (right), with measured data (dots) and mean, median and 90%
confidence intervals of ten year measurement series (2001-2011).
3.1.4. Chlorophyll-a and algae composition
Chl-a concentrations are simulated better in the simulation without DEB than in the simulation with
DEB (Figure 3.5). This is caused by the overexploitation of algae biomass by mussel graze in
September and October.

Chl-a (ug Chl-a/l) without DEB

Chl-a (ug Chl-a/l) with DEB

Figure 3.5: 2006 Chl-a concentrations (ug Chl-a/l) for measuring station Vrouwezand for the
simulation without DEB (left) and with DEB (right), with measured data (dots) and mean, median
and 90% confidence intervals of ten year measurement series (2001-2011).
There are differences between the measured algae composition and the simulated algae
compositions (Figure 3.6). The early algae bloom of diatoms and flagellates in the measurements are
missed in both the simulation without and with DEB and moreover, flagellates are too dominant.
Additionally, the dominance of green algae is late in the model simulations, but the start of the
microcystis dominance in autumn is simulated well in the original case in comparison to the
observed data. The simulation with DEB simulates an underestimation of microcystis, which is in line
with the underestimation of Chl-a concentrations in autumn.
The measured algal biomass is about 1.5 times higher than simulated biomass. The exact number of
measured algae species is doubtable as it finds it origins in estimations and extrapolations. In general
in winter time, the observed Chl-a/C ratios are approximately 0.033 mg Chl-a/mgC (Los, 2009). 7.0
mgC/l (measurement February) results in Chl-a concentrations of 7.0 mgC/l * 0.033 mgChl-a/mgC =
0.231 mg Chl-a /l or 231 mg/m3. This is far higher than the 50 mg/m3 measured. Nonetheless, the
algae species countings are useful to determine when different algae species dominate.

Figure 3.6: In the middle and bottom row measured algae composition (gC m-3, middle row, left)
and simulated algae composition for the simulation without DEB (gC m-3,middle row, right) and
with DEB (gC m-3,bottom row, left).
3.1.5. Light extinction coefficient
The simulated underwater light climate was determined by suspended material, background
extinction, humic acids, detritus and Chl-a. The underestimation of Chl-a concentrations in the
simulation with DEB was reflected in the underestimation of the light extinction coefficient: the
underwater light climate was too clear. The simulation without DEB shows a better fit between the
measured light extinction and the simulated (Figure 3.7).

E (/dm) without DEB

E (/dm) with DEB

Figure 3.7: 2006 light extinction coefficient (/dm) for measuring station Vrouwezand for the
simulation without DEB (right) and with DEB (left), with measured data (dots) and mean, median
and 90% confidence intervals of ten year measurement series (2001-2011).
3.1.6. Target diagrams
’Target’ diagrams help summarise model accuracy regarding yearly averaged concentrations (bias)
and variability (RMSD) compared to measured data. However, to pinpoint, for instance, exactly a
spring peak in Chl-a concentrations in time and space is very hard due to for example the exact
transport of water (and thus the substances it contains) and the mixing depth of the water. And as
the peak can be quite steep, a time mismatch of only two days can already result in a
disproportional penalty in the target diagram. Therefore, target diagrams are shown with no time
discrepancy allowed (see 3.1.6.1 until .3) and, only for chlorophyll-a, with an allowed time
discrepancy of 7 days before and after the measurement date.
3.1.6.1 Nitrate
The target diagrams for both the simulation without and with DEB case show that in general NO3
concentrations are predicted well. There is little difference between the simulations (Figure 3.8). The
variability in the model is higher than in the measurement data with the cause being the low
frequency of the measured data which could for example miss high concentrations during storm
events.

NO3 concentration without DEB

NO3 concentration with DEB

Figure 3.8: Target diagram of NO3 for the simulation without DEB (left) and with DEB (right).

3.1.6.2 Ortho phosphate
Simulated PO4 concentrations were poor for both the simulation without and with DEB (Figure 3.9).
At Vrouwezand the simulated seasonal variability was too large with winter PO4 concentrations
overestimated and summer concentrations underestimated (Figure 3.3). At the other observation
points, the simulated PO4 concentrations were too low. For HoutribHoek, Zwaan and Ketelmeer
West this is due to a poor representation of the different P species fractions in the loads as these
observation points are heavily influenced by water and load discharges. The loads of P and PO4 are
often known, but inorganic absorbed phosphate, soluble organic phosphate and P in algae and
detritus is unknown. The fraction of P minus PO4 is allocated based on knowledge rules (Los et al.,
1994), but has underestimated easily degradable P fractions. More precise measurements or a
sensitivity analyses on P fractionation could improve the scores of these observation locations.

PO4 concentration without DEB

PO4 concentration with DEB

Figure 3.9: Target diagram of PO4 for the simulation without DEB (left) and with DEB (right).
3.1.6.3 Chl-a
For simulated Chl-a concentrations the simulation without and with DEB come up with bad model
results. High Chl-a concentrations during a short period of time (blooms) causes low goodness-of-fit
statistics if these blooms are not simulated well (figure 3.10). . Therefore, in Figure 3.10 target
diagrams without and with time search window are presented. A time search window allows for a
better match between measured and modelled data as modelled data that fits measured data best
in a time frame of two weeks can be picked instead of a precise day-by-day fit. The target diagram
shows that using a time search window gives better scores for both the simulation eithout and with
DEB. The simulation with DEB renders better scores than the simulation without DEB. However,
most observation locations score poor because of too high variability in the simulated Chl-a
concentrations.

Chl-a concentration original case

Chl-a concentration with DEB

Chl-a concentration without DEB (with time
discrepancy)

Chl-a concentration with DEB (with time
discrepancy))

Figure 3.10: Target diagram of Chl-a with no search window for the simulation without (upper left)
and with DEB (upper right) and with a search window of 7 days before and after the measuring
date (lower row).
3.1.6.4 Overall score
The averages for the overall model normalised bias, the normalised unbiased RMSD and R2 for the
whole model (so all observation locations were included) are presented in Table 3.1. For nitrate,
total phosphorus, phosphate and chlorophyll-a, the normalised bias and normalised unbiased RMSD
had better scores in the simulation with DEB than in the simulation without DEB. The R2 values were
higher for all but Chl-a in the simulation with DEB.
Table 3.1: Summary of model averaged normalised bias, normalised unbiased RMSD and R2 for
the original and base case for NO3, TotP, PO4 and Chl-a.

NO-3
≠ DEB

Normalised bias
Norm unbiased
RMSD
R2

DEB

PO2-4

TotP
≠ DEB

DEB

≠ DEB

DEB

Chl-a
≠ DEB

DEB

0.269

0.217

0.569

0.117

0.275

0.038

1.273

0.773

-0.085

-0.070

0.422

-0.034

-0.229

-0.157

0.692

0.274

0.788

0.800

0.250

0.312

0.212

0.232

0.372

0.316

3.1.7. Summary simulations without and with DEB
The comparison of the simulation without DEB (that is, the model structure as we used it for case
studies) to the simulation with DEB showed some interesting results:
- The simulation with DEB describes the behaviour of TotN, NO3 and PO4 better than the
simulation without DEB (time series analyses)
- The simulation without DEB describes the behaviour of Chl-a and light extinction better than
the simulation with DEB. As mentioned before, the underestimation of Chl-a and light
extinction in autumn in the latter is caused by overexploitation of algae experience by the
explicit graze of mussels.
- The time series and target diagrams show that PO4 is poorly simulated in both cases: the
simulation without and with DEB model do not simulate the correct internal loading of P. A
too low P flux leads to a too low NO3 flux that can be taken up by algae, leading to
overestimation of NO3 concentrations (Figure 3.1) and therefore too low Chl-a
concentrations in July and August (Figure 3.5).
- Silicate is overestimated in the simulation without and with DEB in March and April. That
could be caused by a too small P-flux from internal loading. However Chl-a concentrations
and algal composition seems to match that observed. Other causes could be that Si is
mineralized too fast or that the Si loads are too high.

3.2. Sensitivity runs
As the focus of REFRESH WP 5 is on the effects of climate and land use change and biological
indicators, the sensitivity runs are compared to the simulation with DEB. From now on the
simulation with DEB is called ‘base case’.
3.2.1. Nitrogen
TotN concentrations turned out to be only affected by the Sens_1 run (higher algal growth rates)
(Figure 3.11). In this run algae use more N and therefore less N was available for denitrification. Also,
differences in sedimentation rates of detritus, blue green algae and other algae are of influence on
TotN in the water column.

TotN concentration (mg N/l) base case

TotN concentration (mg N/l) sensitivity runs

NO3 concentration (mg N/l) base case

NO3 concentration (mg N/l) sensitivity runs

Figure 3.11: TotN and NO3 concentrations (mg N/l, top and bottom row respectively) for the base
case (left) and for the sensitivity runs (right).
NO3 concentrations are influenced by higher algal growth rate (Sens_1) and lower P mineralistaion
(Sens_3) (Figure 3.11). In the Sens_1 run NO3 concentrations are higher during spring (same
explanation as TotN). In the Sens_3 run NO3 concentrations are higher in August compared to NO3
concentrations in the base run. The NO3 concentrations stay higher because less PO4 is available and
therefore less NO3 can be taken up by algae.
3.2.2. Phosphate
The run Sens_1 is, again, the only sensitivity run that simulates altered TotP concentrations
compared to the base case (Figure 3.12). As with TotN, a difference in sedimentation rates of
substances, like detritus and algae, is behind the change in model result.

TotP concentration (mg P/l) base case

TotP concentration (mg P/l) sensitivity runs

PO4 concentration (mg P/l) base case

PO4 concentration (mg P/l) sensitivity runs

Figure 3.12: TotP and PO4 concentrations (mg P/l, top and bottom row respectively) for the base
case (left) and for the sensitivity runs (right).

The simulated PO4 concentrations do also only deviate from the base case in the Sens_1 run (Figure
3.12). The cause of this change is a change in algae species composition and the concurrent nutrient
requirements. As different algae species and phenotypes (can) differ in stoichiometry, their nutrient
needs differ. For instance the phosphate efficient phenotype of diatoms has a P/C ratio of 0.0125
and the phosphate efficient phenotype of Aphanizomenon has a P/C ration of 0.0088 (Los, 2009).
3.2.3. Silicate
Silicate shows more variations between the different sensitivity runs than previous presented model
results (Figure 3.13). The most deviant run is the Sens_1 run: because of change in algae species
composition (see 3.2.4), diatoms are not present in large amounts of biomass. Run Sens_4
(increased Si mineralization) shows that increased availability of Si leads to even more
overestimation of Si, compared to measured data (May and June).

Si concentration (mg Si/l) base case

Si concentration (mg Si/l) sensitivity runs
-1

Figure 3.13: Si concentrations (mg Si L ) for the base case (left) and for the sensitivity runs (right).
3.2.4. Chlorofyl-a and algae composition
Runs Sens_2, _3 and _4 are comparable to the base case in terms of Chl-a concentrations (Figure
3.14). Again, the higher algal growth rates (run Sens_1) led to differences compared to the base
case, more specifically the simulated Chl-a concentrations were higher in spring and early summer
than the base case and the measured concentrations. This originates from a different algae species
composition.

Chl-a concentration (ug Chl-a/l) base case
Chl-a concentration (ug Chl-a/l) sensitivity runs
Figure 3.14: Chl-a concentrations (ug Chl-a L-1) for the base case (left) and for the sensitivity runs
(right).

When looking at modelled algae species composition, only run Sens_1 stands out. In this run blue
green algae dominate the algae biomass. This is not correct, as can be seen from the algal species
counts where blue green algae were observed to dominate for a short period in autumn only. The
other runs show more resembling model results, but differences can be detected: run Sens_4

(higher mineralization of Si) simulates almost no flagellate biomass from June onwards and the runs
Sens_2 (lower mortality rates) and Sens_3 (mineralization of P) come up with higher blue green
algae concentrations in August than the base case. The lower mortality rates of algae show no effect
on Chl-a concentrations. This emphasizes the overexploitation of algae biomass by mussel graze: the
algae biomass is limited by growth rates (as is evident from run Sens_1) and is not limited by
mortality.

Measured algae composition (gC/m3)

Modelled algae composition (gC/m3) – base case

Modelled algae composition (gC/m3) – Sens_1

Modelled algae composition (gC/m3) – Sens_2

Modelled algae composition (gC/m3) – Sens_3
Modelled algae composition (gC/m3) – Sens_4
Figure 3.15: Measured algae composition (upper left) and modelled algae composition for the
base case (upper right), Sens_1 (middle left), Sens_2 (middle right), Sens_3 (lower left) and Sens_4
(lower right), all in gC m-3.

3.2.5. Light extinction coefficient
The light extinction coefficient is for most of the runs comparable, except for run Sens_1 (Figure
3.16). Here the light extinction coefficient is higher because of higher Chl-a concentrations and algae
waste products like detritus.

Light extinction coefficient (/dm) – sensitivity
runs
Figure 3.16: Light extinction coefficient (/dm) for the base case (left) and for the sensitivity runs
(right).
Light extinction coefficient (/dm) - base case

3.2.6. Summary sensitivity runs
The model appeared to be sensitive for the algae growth rates: it results in altered TotN, NO3, TotP,
PO4 and Chl-a concentrations because algae species composition altered. Lower algal mortality rates,
lower P mineralisation rates and higher Si rates had limited influence on the model results.
Therefore, the model results are for quite robust for those parameters; results differ slightly
between the model runs, but show in general the same picture.

3.3. Scenario analyses
3.3.1. Climate change scenarios
The climate change scenarios G (+0.9°C) and Wp (+2.6°C) exert effect on the model results through
temperature. The processes that were controlled by temperature, for example denitrification,
mineralization rates, algal growth and mortality, responded to the projected temperature changes
directly. The simulations results show that the effects of the Wp scenario are more pronounced than
the effects of the G scenario, but the direction of change of the lake’s environmental parameters is
the same (Figure 3.17).
Under influence of increased temperatures, TotN and NO3 concentrations decrease slightly because
denitrification and algal NO3 uptake increases. TotP concentrations remain stable, except for the
summer concentration in Wp when it increases due to internal loading. This internal loading is also
visible for PO4 concentrations, but PO4 concentrations do decrease slightly because of enhanced
uptake by algae. Chl-a concentrations increase because there is an increased net result of changes in
algal growth, mortality and respiration rates combined with changes in nutrient availability. The light
extinction coefficient shows a small decrease because of faster mineralization of detritus. Both
primary production and mussel biomass increase under the two climate change scenarios.
3.3.2. Land use scenarios
The constructed land use scenarios lead to a reduction in nutrient loads and as it turns out also in
nutrient concentrations. The CW scenario (largest nutrient reduction) has more effect on the
nutrient concentrations in Lake IJsselmeer than the IW scenario (smallest nutrient reduction), but
both lead to decreasing TotN, NO3, TotP and PO4 concentrations. As a result of decreased nutrient
concentrations, Chl-a concentrations decrease as well as the primary production and the mussel
biomass (Figure 3.17).

3.3.3. Combined climate change and land use scenario
The best case scenario, being the smallest temperature increase and the largest nutrient reduction
(CC G and LU CW), mostly replicates the results of the LU CW simulation. Just a small change in
results is due to the temperature increase. The worst case scenario, a combination of the CC Wp and
LU IW scenario, show influence of both increased temperature and reductions in nutrients and hold
more or less the middle between the CC Wp results and the LU IW scenario (Figure 3.17).
The small effect of the temperature increase of 0.9 °C on the best case scenario in comparison with
the effect of the LU CW scenario can be explained by the fact that the increase in temperature is
relatively small compared to the changes in nutrient loads. On the other hand, the worst case
scenario shows the effect of both temperature increase and nutrient reduction because the
temperature increase is relatively high and nutrient reductions are relatively small.

Figure 3.17: Yearly, summer and winter averaged TotN, NO3, TotP, PO4 and Chl-a concentrations
and yearly, summer and winter averaged light extinction coefficient, primary production and
mussel biomass for the seven scenarios.
3.3.4. Algae species composition
Dominance and blooms of blue green algae are unwanted because of potential hazard, bad odour
and low nutritional value for secondary producers. The results of the scenarios show that blue
greens are becoming relatively more abundant under higher temperatures, but stricter nutrient
limitations show even stronger tendency towards dominance of blue green algae (Figure 3.18).

Figure 3.18: Yearly, summer and winter averaged algae species composition for the seven scenarios.

3.3.5. Algae limitations
In the base case, in summer, the simulated algal growth was mostly limited by P and in winter by
energy (E) (Figure 3.19). Increased temperatures (+0.9°C and +2.6°C) led to increased mineralization
and internal loading. Therefore, more P becomes available and thus more N can be taken up by
algae. This leads to N (co-) limitation in summer. Increased temperatures also lead to decreased E
limitation in winter.
Algal growth limitation was little different from that during the baseline period under the IW and CW
land use scenarios: the lake is P limited presently and the modelled outcomes suggest that this
condition will continue. However, the longer periods of P limitation leads to decreased primary
production and mussel biomass and a greater number of blue green algae P-specialists (Figure 3.17).
When the CC and LU scenarios are combined, the best case scenario leads to less N limitation as Plimitation becomes more pronounced and higher temperatures lead in winter to less energy
limitation. The worst case scenario leads to more N-limitation because of increased P availability and
hence, more N uptake. The higher temperatures in winter lead again to less energy limitation.

Figure 3.19: Simulated energy, NO3, PO4 and Si algal growth limitation for the seven climate and
land-use scenarios. “Energy bc” means that, when the bar is coloured, algal growth is limited by
energy in the base case, likewise, “Sil worst” means, when the bar is coloured, that algal growth is
limited by silicate in the worst case scenario and so on.

3.4. Habitat analyses
3.4.1. Base case and scenarios
The reference of the base case habitat suitability for macrophytes, zebra mussel, smelt and
herbivouros, bentivorous and piscivorous birds are depicted together with the effects of climate
change and changes in land use and the best and worst case scenario in Figure 3.20. Habitat

suitability is regarded as good when map values are above 0.7 (macrophytes and osperus eperlanus)
or 0.5 (zebra mussel). Below that threshold, habitat suitability decreases steadily to being unsuitable
below values of 0.2.
For macrophytes, there is not much change in habitat suitability as the predominant factor that
controls macrophyte habitat suitability, light extinction, does not change to critical (high) values. The
habitat suitability of the zebra mussels deteriorate heavily when temperature increases by 2.6 °C
(Wp scenario). The smelt prefer waters that are not too transparent and by that, the increase of the
light extinction coefficient in the land use change scenarios was profitable regarding smelt habitat
suitability. Conversely, higher temperatures were disadvantageous and therefore increases in
temperature are lowering the habitat suitability of smelt.
The effect of changes in climate and land use does not affect the feeding opportunities for
herbivorous and piscivorous birds significantly. Herbivorous birds still have the same area where
macrophytes grow and transparency of the water is not an issue for their feeding. Piscivorous birds
hunt by sight, but the small changes (that is, they are within their preferred range of sight) in light
extinction does not affect their hunting success. As waters become more transparent fish, such as
smelt, tend to hide and move to a deeper water depth. This costs more energy for the piscivorous
birds to catch their food.
As benthivorous birds use, amongst other food, zebra mussel as their food, the decline in habitat
suitability of the zebra mussel may lead to a reduction in food for these birds.
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Figure 3.20: Overview of the effects of the scenarios on the reference habitat suitability for macrophytes, zebra mussel, smelt and herbivorous,
bentivorous and piscivorous birds.

36

3.4.2. Sensitivity
From the knowledge rules it can be deduced that:
- increased light extinction will not reduce the habitat suitability for macrophytes)
- Zebra mussels are sensitive for temperature, as any increase in water temperature above
17°C decreases the habitat suitability strongly. Therefore, any overestimation of temperature
above 17°C leads to a worse (and wrongly) predicted habitat suitability for zebra mussels
- Smelt is sensitive for changes in temperature and light extinction coefficient. The results
showed that the scenarios lead to deterioration of the habitat suitability of smelt and thus
every mismatch between real and modelled changes in temperature will lead to a mismatch
in observed and predicted habitat suitability.
- The food habitat for birds responds to the sensitivity of the simulation of the food that they
eat.

Present

Water management

WP scenario

Figure 9: Left: Habitat suitability for Chara spp. and Dreissena polymorpha. Mid: changes in habitat
suitability due to changes in land use (increase in spring by 70 cm and in summer by 10 cm) and
Right: climate ( +2.6⁰C).
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4. Discussion
4.1. Time series analyses and target diagrams – assessing model performance
In this study, time series analyses and target diagrams were used to objectively assess the
performance of the water quality model. From the results presented in section 3, the results of the
time series analyses were useful in understanding deviations in the target diagrams. Moreover, time
series analyses can shed light on any extremity in the modelled year caused by for instance natural
variability that is not included in the model. The extraordinary TotN concentrations in 2006 illustrate
this well (Figure 3.1). So, how can target diagrams and time series analyses be used properly and let
them reinforce each other?
- Time series analyses plot all model data: if a simulated chl-a peak is late or early compared to
the measured data, in general one finds the model’s performance satisfactory. However, in
the target diagrams without a time search window, for example, high Chl-a concentrations
during a short period of time (blooms) causes low goodness-of-fit statistics if these blooms
are not simulated at the right date. Moreover, as the number of measurement data is in
general low (15-20 measurements a year per substance), the scores on the target diagrams
could be improved by modelling several years instead of just one.
- When model simulations describe the system’s behaviour but simulates the concentrations
somewhat high or low, the feeling resides that the model is still capable of describing the
trend. However, in the target diagrams the result is a bias that is too high or too low and
therefore wrong. This is true, but if the trend is simulated well, important processes in the
system are included in the model. Therefore, the model results can be still valid, depending
on the question to be answered.
- Target diagrams give an objective judgement of how good a model is. Time serie analysis are
subjective, but give insight where and/or when the model is preforming well or not. This
latter technique gives clues on how the model can be improved to render better target
diagrams.
The water quality model scored badly on the phosphate target diagrams. Time series analyses
showed that the internal P flux was too low. When temperature increases (climate change scenarios)
the divergence between actual internal loading and simulated internal loading of P can increase.
Reasons are expected failure of modelling anoxic periods with present day hydrodynamics and a too
simplified representation of the sediment. As temperature also interferes with mineralisation rates
of organic substances, less detritus will settle on the sediment and less material is available for
internal nutrient loading. Therefore, it is not evident whether or not internal P-loading is
underestimated more or less in the climate change simulations than in the base case. It also means
that we are not sure how capable this model is to model nutrient limitation precisely under increased
temperatures. It is recommended to analyse data of several warm years and compare it to ‘a normal’
(i.e. baseline) year to retrieve information on the effects of higher temperature on the lakes chemical
cycling.

4.2. Sensitivity analyses
4.2.1. Water quality model
The first sensitivity analyses was performed on the DEB module. The model was run without and with
the DEB module. This led the different model results and therefore the model responds to the use of
the DEB module. The model results showed that explicit modelling of mussels led to better results for
TotN, TotP, NO3 and PO4 concentrations than with implicit mussel graze (Figure 3.1 until Figure 3.10).
Chl-a concentrations and light extinction were modelled more poorly with the DEB module than
without the DEB module. This difference was caused by a too high grazing pressure from mussels on
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algae at late summer and autumn while using DEB. Calibration of algae growth rates and mussel
graze intensity will improve Chlf-a concentrations and light extinction model result.
The sensitivity runs on algae growth and mortality rates and mineralisation rates of P and Si showed
that only changes in the parameter settings of algae growth rated led to different model results. Thus
this water quality model is insensitive to changes in parameter settings of algae mortality and P and
Si mineralisation rates, but is sensitive to changes in algae growth rates.
Additionally, in ANT work for Lake IJsselmeer (Harezlak, unpublished) the parameter setting of this
water quality model were used to model the eutrophic state of the lake (i.e. by modelling the year
1981, which is known to have high nutrient conditions and high Chlf-a concentrations, Figure 4.1).
Therefore we know the model is capable to simulate different nutrient statuses accurately. This gives
confidence that the model is able to capture changes in the system due to the land use scenarios.
Moreover, scenario analysis has the strength that, even if you are not sure about how certain the
model can describe the future state of the system, the direction of change gives also information.

NO3 concentrations (mgN/l) under light limited
conditions

NO3 concentrations (mgN/l) under present day
conditions

PO4 concentrations (mgP/l) under light limited
conditions

PO4 concentrations (mgP/l) under present day
conditions

Figure 4.1: Time series analyses for model simulations for a light limited period in Lake IJsselmeer
(left) and present day situation (right) for NO3 (upper row) and PO4 (lower row).
4.2.2. HABITAT model
The HABITAT results are the direct product of the knowledge rules used. It is therefore of utmost
importance these knowledge rules are compatible to the simulated system. As field data is often
lacking (or is too sparse), most of the knowledge rules are based on expert knowledge. The
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uncertainty of the expert based knowledge rules are not made explicit. This has consequences for the
sensitivity. For instance, the sensitivity of zebra mussel to temperature increase could be too high. If
in the model the averaged summer water temperature increases with one degree from 18 to 19
degrees, the habitat suitability goes from reasonable to bad (Table 2.3). The presented line in this
table is in reality not that nailed down: it is an estimation. But we do not know how good this
estimation is. It seems only plausible that the sensitivity of the used knowledge rules is too high as
populations are known to cope with changes in environmental conditions. However, the knowledge
rules used in this study stem from an adjacent lake and the results of the Lake IJsselmeer’s reference
case were checked by a field expert. Therefore, we belief that the model results for the reference
case, though sensitive, give a direction of how changes in land use and climate will affect the lake on
species level.

4.3. Possible futures - scenario runs
The results of the water quality model can be used to explore what changes in climate and land use
mean for WFD aims and what is needed to have a “good” status in the future. In this study, the
chemical status was considered. Further work is required on biological metrics.
For TotN all the scenarios led to an increase in the WFD chemical metric, as lower TotN
concentrations are deemed as positive. The same is true, with exception of the climate change
scenarios, for TotP (Figure 4.2). However, as can be seen in Figure 3.17 and Figure 3.18, the best case
scenario led to lower algal primary production, mussel biomass and hence less available food for
benthivorous birds. As these birds are already under pressure and the Nature 2000 goals for these
types of birds (number of bird species) are not met at present, a mismatch herein is likely to increase.
A solution is to increase the lake productivity by adding nutrients to the system, as the system in
present day state is nutrient limited. However, problems could arise that are related to
eutrophication. Where does the contradiction of the NATURA 2000 and WFD goals stem from?
Maybe from the fact that Lake IJsselmeer is an artificial lake and therefore proper reference
situations are not available.
Moreover, from the HABITAT simulations it became apparent that smelt is sensitive for higher
transparency of the water: it prefers more turbid waters and therefore go to deeper waters. This
forces piscivorous birds to dive deeper, putting more energy in food gathering. Again, this puts
additional stress on these types of birds and therefore on the Natura 2000 goals set for this lake.

TotN and WFD score

TotP and WFD score

Figure 4.2: TotN (left) and TotP (right) scores of the scenarios on the WFD metrics for Lake
IJsselmeer.
4.3.1. WQ and HABITAT model
There is a discrepancy in the mussel Wp (+2.6°C) scenario results for the water quality model and the
HABITAT model. According to the HABITAT model most of Lake IJsselmeer becomes unsuitable for
mussel growth. The water quality model on the other hand simulates an increase in mussel biomass.
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The discrepancy is caused by the way the mussels are modelled. In the water quality model, mussel
biomass is dominantly steered by the availability of food and less by other effects of temperature,
such as oxygen depletion due to stratification of the water layer. In the knowledge rule of HABITAT
this effect is implicitly taken into account. As the Zebra mussel population collapsed in 2006, when
water temperatures were high, the reduction in mussel biomass under scenario Wp seems plausible
(Noordhuis, 2010). From 2007 onwards the zebra mussels were gradually displaced with the Quagga
mussel (Dreissena rostriformis bugensis). Mussel graze on algal biomass is thus taken over by Quagga
mussels, which can withstand higher temperatures. To prevent future contradictions between the
HABITAT tool and the water quality model, it is recommended that the knowledge of both systems
become integrated.
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5. Conclusions
Changes in climate and land use exert effects on the lake’s ecosystem via changed availability in
nutrients:
- temperature increase leads to increased primary production;
- nutrient reduction (through land use change) leads to decreased primary production;
- a combination of increased temperatures and decreased nutrients leads to decreased
primary production;
- in general, nutrient reductions exert larger effects on the fresh water biota than changes in
temperature, as the lake appears to be nutrient limited.
Changes in climate and land use exert effects on the lake’s ecosystem via changes in habitat
suitability of species:
- increased temperatures put organisms such as zebra mussels under pressure because
temperatures become too high in the period 2031-2060.
- decreased light extinction (decreased nutrient input) lead to higher transparency and
reduces the habitat suitability of smelt.
- Zebra mussels are more affected by temperature changes than nutrient reductions, whereas
smelt are more affected by nutrient reductions than temperature changes.
In conclusion, Lake IJsselmeer is already under stress in terms of its carrying capacity to reach or
maintain the goals set in Natura2000. A further reduction in nutrients will further reduce this
carrying capacity, although the chemical status of the lake will improve in terms of the WFD metrics.
So, for the WFD nothing should be done for reaching a good status but there is a tension between
the WFD and the Natura2000 requirements. On a species level, climate change and land use change
are likely to threaten the habitat suitability of some of the present day species, such as zebra mussel,
smelt and birds that feed upon these species. This again increases the stress on the lake’s ecological
functioning.
To meet Nature 2000 goals, the carrying capacity of the system, and thus productivity of the system,
should be increased. As the lake is nutrient limited, additional nutrient loads increases primary
production and therefore other higher trophic levels, could enhance Lake IJsselmeer’s carry capacity
thereby lowering the chemical WFD status of the lake.
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