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Abstract
This document synthesizes key results from the application of biophysical models to the
Demonstration Catchments used in Workpackage 5 of REFRESH. The nine Demonstration Catchments
are very diverse in size and characteristics, and were intended to be a sample of important
representative climate and land-use types over Europe. The models were applied to assess the effects
of environmental change (change in climate, land use, nitrogen deposition and water use) on water
quantity and quality. In particular, those aspects relevant to the Water Framework Directive were
modelled: river flow, river and lake nitrogen and phosphorus concentrations, and indicators of
ecological status.
The robustness and uncertainty of the models used are analysed in this document. Long-term trends
and seasonal variations in all the major modelled variables (flow, nitrate, phosphorus and lake water
chlorophyll-a concentrations) were simulated well and can be used with some confidence. Dynamic
models are however not sufficiently developed to simulate extremes, and typically produce results
with a lower variance than observed data. For simulating shorter-term variations, the overall model
performance reflected the relative complexity of the underlying processes. Thus hydrology simulation
was excellent, nitrate was good, but phosphorus and chlorophyll-a dynamics were not generally well
simulated on short timescales. To do this is a severe test of a model, and weak performance here
does not preclude valid results on longer timescales.
The effects of the outputs from three different Global Circulation Model-Regional Climate Model
(GCM-RCM) combinations derived during the ENSEMBLES project were compared in this work. Flow
and water chemistry were modelled during a baseline period (1981-2010) and a scenario period
(2031-2060) and compared. The effects of up to four land use changes were also modelled, as were
possible mitigation strategies. Land use changes modelled reflected a mixture of “economic”
storylines, maximising agricultural productivity, and “environmental” storylines, with a focus on
protecting water quality. The actual land use and mitigation strategies employed were determined
on a catchment-specific basis using local knowledge.
All three GCM-RCM models predicted a rise in temperature over Europe, with the Hadley Model
consistently and significantly higher than the others, with a mean rise of 2.2 °C, followed by KNMI
(1.4 °C) and SMH (1.0 °C). The highest temperature rises were in Finland: apart from this site there
was a north-south gradient with the greatest temperature rises in the south, though the differences
between the models are generally greater than the differences between the sites. For precipitation,
there is a distinct north-south divide, with small increases in the north and mid-latitude sites, and
large decreases in the south. At Arbúcies in the Pyrenees, there is considerable variability between
models, with the Had Model predicting a 17% decline in precipitation, and the SMH Model a 15%
increase. All models concur, however, in predicting substantial decreases in precipitation at the
Greek and Turkish sites.
The predicted effects on water flows differed between the northern and southern sites. In the north
and mid-latitudes, the increased temperatures are balanced to some extent by the increased
precipitation, leading to relatively small effects on water flows, though seasonal effects may still be
important. In the south, increased temperatures and lower precipitation act in the same direction to
reduce water flows considerably. In the case of Lake Beysehir in Turkey, this may even lead to the
lake drying up in the foreseeable future, and this effect would far outweigh any nutrient-related
problems. Seasonal effects also need to be taken into account, particularly as precipitation change in
winter has a much larger effect on river flows than precipitation change in summer, and these
seasonal differences may have significant ecological consequences.
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In general, the effects of climate change alone on nutrient concentrations were rather small. The
effects of credible land use changes were larger, and generally, the land use changes representing
the “environmental” storylines reduced nutrient concentrations, and those from the “economic”
storylines increased them. However, there were exceptions and considerable differences in response
between sites. The responses seem more dependent on the mixture of nutrient sources (e.g.
agriculture versus wastewater) than the degree of climate change. Modelled ecological changes
were not generally proportional to the changes in nutrients. Ecological change was predicted to be
both less and greater than the nutrient change, at different sites. Modelled mitigation options were
able to reduce nutrients, and there was no evidence here that they were less effective under a future
climate. With less certainty, mitigation options could affect the ecological status of waters at these
sites in a positive manner, leading to an improvement in Water Framework Directive status at some
sites. Uncertainty in the climate models, as represented by the differences between the three GCMRCM combinations used in this study, did not affect this overall picture much, though there were
variations in response to the different models at individual sites.
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1. Introduction
This document synthesizes the key results from the application of biophysical models to the
Demonstration Catchments used in Workpackage 5 (WP5) of REFRESH. The models were applied to
assess the effects of environmental change on river flow and river and lake nitrogen and phosphorus
concentrations, and also indicators of ecological status. The Demonstration Catchments were not
intended to represent a gradient of characteristics across Europe, but rather to be a sample of
important representative climate and land-use types over the whole continent. WP5 aimed to:








integrate new models of key ecological (structure and function) and biodiversity indicators
developed in WP2-4, with existing catchment models of hydrology and hydrochemistry at
demonstration sites representative of European climate types to create new integrated
catchment models of appropriate complexity for the issues studied;
use these to investigate interactions between the ecology and the physical and chemical
environment;
chain river, lake, river-wetland and catchment delivery models to provide a more complete
description of freshwater ecological functioning and connectivity in large catchments than
achieved previously;
quantify changes in flow, nutrient delivery and ecological response (in terms of metrics and
crossing thresholds) to water and land-use management and climate changes (scenarios
from WP1);
assess the effectiveness of adaptation, mitigation and restoration options on improving
ecological status, providing information for the cost-effectiveness assessment (WP6);
quantify the uncertainty in the modelled outcomes.

This synthesis does not attempt to give a detailed account of the application of these tasks at each
site. Instead it attempts to look at the general picture by bringing together a standardised set of data
and looking for patterns. As a result it does not represent the full richness and complexity of the
modelling effort and the results that have been generated. That will be found in the deliverables
that report the results from the individual sites, and in currently published and future papers.
Instead this report concentrates on summarising the responses of flow, nutrients and ecological
indicators to modelled environmental change, and discussing the uncertainty and robustness of the
modelled outcomes. The aspects of environmental change considered were climate, land use,
atmospheric deposition and water use.

2. Summary of Methods
This section provides an outline summary of the methods used for convenience. Full details and
justification will be found in the REFRESH Common Modelling Framework (Deliverable 5.1) and the
reports from the individual Demonstration Catchments (Deliverables 5.2 to 5.5; 5.8 to 5.12).

2.1. Sites
The nine European Demonstration Catchment sites are shown in Figure 1. Tables 1 and 2 summarize
the characteristics of the lakes and rivers which were modelled at the sites. There is a very wide
variety of catchment sizes and characteristics, and the lakes and rivers are correspondingly diverse.
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Figure 1: The European Demonstration Catchment Sites
Each site may have several catchments which are referred to by name below. For the La Tordera
site, the Arbúcies sub-catchment is reported here. In the Dee catchment, the Tarland Burn site is
normally presented, but sometimes the more eutrophic Skene site is reported as well.

Lake

Lake
Catchment Mean
Retention Land use
2
Area
Area (km ) Depth Time (yr)
(km2)
(m)
Pyhäjärvi,
154
616
5.5
3.2 Forest, arable agriculture, mire, some
settlements. Low relief.
Vansjø36
690
3.8
0.21 Forest, arable and grassland,
Hobøl
settlements. Low relief
IJselmeer
1,140
Variable
4.5
0.30 Artificial lake fed by distributary of the
Rhine. Flat surroundings
Orlik Res.
27
12,116
27.0
0.25 Forest, arable and grassland, fish
(Vltava)
culture, settlements. Forested medium
mountains.
Beysehir
650
4,600
5.0
5.1 Rangeland, arable, mostly irrigated
agriculture, settlements. High altitude,
mountainous, semi-arid area.
Table 1: Characteristics of the lakes and their catchment areas in Figure 1.
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River

Catchment Mean
Precipitation Land Use
Area (km2) Discharge (mm)
(m3 s-1)
Yläneenjoki
233
2.1
630 Forest, arable agriculture, mire, some
settlements. Low relief.
Dee 74
0.73
901 Arable agriculture, a little woodland, village.
Tarland
Low hills.
Dee - Skene
47
0.43
866 Arable agriculture, a little woodland, small
settlements. Low hills.
Thames
8,267
80
717 Mostly arable agriculture, some woodland
and grassland, large population. Low hills
and floodplain.
Vltava
12,116
90
700 Forest, arable and grassland, fish culture,
settlements. Forested medium mountains.
Arbucies
112
0.57
830 Forested, mountainous. Small area of arable
agriculture, small settlement.
Louros
900
24
1367 Shrubland on karstic uplands, arable
agriculture on floodplains. No significant
settlements.
Table 2: Characteristics of the rivers and their catchment areas in Figure 1

2.2. Climate Modelling
The output from three Global Circulation Model-Regional Climate Model combinations derived
during the ENSEMBLES project were used: ECHAM5-KNMI (abbreviated to KNMI in this text),
HadRM3P-HadCM3Q0 (Had) and SMHIRCA-BCM (SMH). ECHAM5-KNMI was chosen because it gave
the best performance during ENSEMBLES climate modelling testing and the modelled projections are
close to the ENSEMBLES average. HadRM3P-HadCM3Q0 represents one extreme in the ensemble
producing warm, dry summers in comparison with other combinations whilst SMHIRCA-BCM
represents the other extreme, being relatively cold and wet. The A1B emission scenario was used
since this was used in ENSEMBLES. By 2050-2060, there is little deviation in climate model output
due to emission scenario, hence using a single scenario is acceptable. Monthly precipitation,
temperature and potential evaporation data were uploaded onto the REFRESH website for each of
the eight European demonstration sites. These data cover the period from 1960 to 2060. Climate
model daily precipitation and temperature data have also been uploaded for each of the eight sites.
It was agreed that the climate model control period be 1961-1990. This is the period for which
outputs of the climate model have been compared with observations to check model robustness in
the ENSEMBLES project.
The baseline period for the catchment flow and water chemistry modelling was 1981-2010 and the
scenario period, 2031-2060. In this report, the modelled outcomes for the scenario period are
compared with those from the baseline period.

2.3. Evaluation of Model Performance
The method of Jolliff et al. (2009) was applied to assess model performance for both calibration and
test periods, and it is this method that is used for the preliminary evaluation. Two outputs were
produced on application of the method and these were plotted on a scatterplot (Figs 2 and 3). The
first outcome, plotted on the x-axis, was the signed, normalised, unbiased Root Mean Square
Difference, RMSD’*(σ). This measure was positive if the variance of the modelled output was less
7

than the variance of the observed data, and negative if vice-versa. Ideally the value should be zero
when the two variances equate. The second outcome, plotted on the y-axis, was the normalised
bias, which was positive when the modelled output overestimated the observations, and negative
for a general underestimation. A perfect model fit would result in a zero bias. Two circles were
drawn on the plots about the point (0, 0) with radii of 0.7 and 1.0, giving the plot the appearance of
a ‘target diagram’. Model outputs that produced points which lay inside the smaller circle were
described as ‘excellent’ fits, whilst those outputs that lay between the larger and smaller circle were
considered ‘good’. If a point fell outside the larger circle, it was questioned as to whether the model
was sufficiently robust for scenario analysis use.
To evaluate model performance more comprehensively, the target diagrams were used alongside a
visual comparison of the modelled and observed patterns in flow, streamwater nitrogen and
phosphorus concentrations, and lake chlorophyll-a concentrations. Other objective functions were
also applied to compare how well the simulated responses matched those observed as part of the
project. These functions were the root mean squared difference; the normalised root mean squared
difference; the Nash-Sutcliffe “efficiency criterion” (for hydrology only); the Nash-Sutcliffe with
logged flows (also for hydrology only); and the explained variance. These functions are discussed in
the individual catchment reports, but not repeated here.

3. Model Performance and Uncertainty
3.1. Introduction
The purpose of the REFRESH catchment-scale biophysical modelling is to determine the response of
flow and streamwater nitrate and phosphorus concentrations to scenarios of environmental change,
and to determine the effect on key ecological indicators. Before the models can be used for scenario
analyses, it is necessary to determine the robustness of the modelled responses and to determine
the associated uncertainty. The latter results from an inability to identify the optimum model
structure and parameter set for each model application, and also from errors in the observed data
used for model input and for comparison with the modelled outputs. Model evaluation and
sensitivity and uncertainty analyses have been performed for all the WP5 catchment and lake
biophysical model applications following the guidelines in the REFRESH Common Modelling
Framework (Deliverable 5.1). Full details are given in the deliverables reporting on the model
applications at each demonstration site (Deliverables 5.2 to 5.5 and 5.8 to 5.12). The results from the
individual model evaluations and sensitivity and uncertainty analyses are currently being collated for
a full assessment. This will continue beyond the REFRESH end date given the size of the task, and the
findings will be written up in journal articles. What has been achieved within the timeframe of the
project is a preliminary synthesis of model performance which considers different mechanistic
models at all the demonstration sites plus the IJsselmeer, and the simulated flow, streamwater
nitrogen and phosphorus concentrations and lake chlorophyll-a concentration. This analysis is useful
as it allows users of the modelled outputs to begin to assess their credibility.

3.2. Results and Discussion
The initial evaluation of model performance highlighted that all the catchment models produced a
generally excellent representation of the observed flows, measured at the most downstream
gauging station in each demonstration catchment (Fig 2a). This was true for both the model
calibration and the test periods. There was little bias in all model calibrations for flow, though the
modelled flows tend to have a smaller variance than that of the observed flows at each site. This
occurred because the extreme low and high flows are not simulated well. It was noticeable that the
two catchment models, INCA-N and INCA-P, which simulate streamwater nitrate and phosphorus
dynamics respectively, plotted in different positions on the flow target diagram.
8

Figure 2. Target Diagrams for flow (a) and nitrate (b). The left hand columns are for the calibration
periods, and the right hand the validation periods. Points within the inner circle are considered to
have an excellent fit, those within the outer circle are considered to be “good”.
These two models have different representations of hill-slope hydrology: INCA-P includes overland
flow, INCA-N does not. The inclusion of overland flow in INCA-P appeared to generate a fast
response in the river flow to precipitation, which was to be expected. However, the simulated flow
in the Yläneenjoki may occasionally respond more rapidly than that observed, and was not always
initiated as early as the observed response in the stream. Other differences in the performance
between INCA-N and INCA-P arose due to the different calibration and test periods used in the
applications of the two models (Deliverable 5.5; Lepistö et al., 2010; Rankinen et al., 2013; Etheridge
et al., 2014).The simulations of the observed streamwater nitrate concentrations were good in
general, though there was an apparent deterioration in model performance during testing (Fig. 2b).
This result suggested that conditions were present in the test period which were generally not seen
in the calibration period across all sites. This explanation was feasible given the typically short runs
9

of data for calibration and testing. On further inspection of the detailed simulations presented in
Deliverables 5.2 to 5.5 and 5.8 to 5.12, the simulations were sufficiently robust to describe the
seasonal (monthly) variations in concentrations, but not the daily extremes. There were too few
streamwater ammonium concentration data for a meaningful comparison of model performance
between sites.

Figure 3. Target Diagrams for TP (a), SRP (b) and chlorophyll-a (c). The left hand columns are for
the calibration periods, and the right hand the validation periods. Points within the inner circle are
considered to have an excellent fit, those within the outer circle are considered to be “good”.
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The simulations of the observed streamwater total phosphorus concentrations were good (Fig. 3a)
though the highest total phosphorus concentrations, which typically coincide with the highest flows,
were underestimated. In general, the variance of the modelled streamwater total phosphorus
concentrations was too small compared with that calculated from the observations. This suggests
that the models were unable to represent the streamwater total phosphorus concentrations under
extreme low and high flow conditions at these sites. The simulations of soluble reactive phosphorus,
which is the phosphorus form assumed to be readily available to the stream biota, were poor in
general, both during the calibration and test periods (Fig. 3.b). In contrast, the observed seasonal
patterns in the phosphate concentrations in the Orlik and Rimov catchments and the soluble
reactive phosphorus concentrations in the Dee-Tarland catchment were well represented by the
model, but not in terms of the extremes (Deliverables 5.3 and 5.11). For the Dee-Tarland application
of INCA-P, a Markov-Chain Monte-Carlo based parameter identification method was used to help
find parameter sets that gave acceptable model performance. The difference in the model
performance apparent in the target diagrams between total and soluble phosphorus (Figs. 3a, 3b),
was not apparent upon inspection of the simulated time-series for each demonstration catchment.
In both cases, the mean annual concentrations and the seasonal patterns in the concentrations were
represented well, but the simulated extremes did not match observations. A general lack of
suspended sediment data means it is difficult to assess how well particulate transport is modelled
across the sites, and if the issue was more with representing the soluble phase. Simulating the daily
changes in streamwater total and soluble phosphorus concentrations was difficult because of the
multiple sources of phosphorus, the soluble and particulate modes of transport, the reactivity of
phosphorus, and the ready assimilation of this phosphorus fraction by the biota. At this
development stage, dynamic phosphorus models can be used to make statements about the general
trends in mean annual concentrations and seasonal patterns only. To improve the situation, hourly
data describing the different streamwater phosphorus concentrations, across a range of catchments,
are leading to a more in-depth understanding of the dynamic response of streamwater phosphorus
to changes in flow and the catchment phosphorus sources (Wade et al., 2012).
The chlorophyll-a concentrations at Lake Beyshir, Vanemfjorden and the Orlik reservoir appear to be
simulated poorly (Fig. 3c). A closer inspection of the simulated chlorophyll-a concentration timeseries for these lakes (Deliverables 5.2 and 5.11) shows that the seasonal patterns in chlorophyll-a
concentration were modelled well, though the models do not reproduce the exact timing and
magnitude of peaks in the chlorophyll-a concentrations leading to poor values of the RMSD’*(σ) and
normalised bias. As when simulating streamwater nitrate and phosphorus concentrations, due to the
complex, time-varying nature of the controlling factors, it was difficult to capture the precise timing
and magnitude of algal blooms. Despite this, the models can be used to look at future seasonal shifts
in algal growth. Further work is needed to examine how well the frequency and magnitude of algal
blooms are captured, and if the key factors controlling the bloom have been captured in the lake
models. Overall conclusions on model robustness and uncertainty will be found in Section 5.1.

4. Modelling Results
4.1. Driving variables and hydrology
Figures 4 to 6 show the temperature, precipitation and resulting river discharge predicted for each
of the 8 demonstration catchments which have modelled rivers. Present values are for the period
1981-2010, and future values for 2031-2060. All values are mean annual averages over the 30-year
period. Values for each of the three downscaled GCM-RCM combinations are shown, except that the
‘present‘ values for the Dee, Vansjø-Hobøl and Louros are reported as a single set of observed values
rather than calibrated model predictions as at the other sites. Figure 7 re-plots these values as
11

change from baseline, such that the most northerly catchment is on the left of the figure and the
most southerly on the right.
All models predict a rise in temperature, with the HadRM3 climate model consistently and
significantly higher than the others (p< 0.01, ANOVA), with a mean rise of 2.2 °C, followed by KNMI
(1.4 °C) and SMHI (1.0 °C) (Figs 4 and 7). This is the order generally observed for these models in
Europe. The highest temperature rises are in Finland. Apart from this site there is a north-south
gradient with the greatest temperature rises in the south, though the differences between the
models are generally greater than the differences between the sites. Predictably, there is also a
north-south gradient in the actual temperature, though this is modified by the relatively high
altitude of the southern sites. For precipitation, there is a distinct north-south divide, with small
increases in the north and mid-latitude sites, and large decreases in the south (Figures 5 and 7). At
Arbúcies in the Pyrenees, there is considerable variability between models, with the Had Model
predicting a 17% decline in precipitation, and the SMHI Model a 15% increase. Once again, the Had
Model tends to give more extreme predictions. All models concur, however, in predicting substantial
decreases in precipitation at the Greek and Turkish sites.
The resulting changes in annual mean discharge are mostly what would have been predicted from
the changes in annual mean temperature and precipitation – but not entirely. The increase in
temperature has increased evapotranspiration, thus reducing the water available for river flow
(hydrologically effective rainfall or HER). Thus the northern sites with a small increase in
precipitation have a smaller percentage increase in discharge, or even a slight reduction in some
model - site combinations. The southern sites with a large decrease in precipitation have an even
larger percentage reduction in discharge, since the increased evapotranspiration is a larger
percentage of the available water. To understand the change in discharge pattern more completely,
however, seasonal effects need to be taken into account. At Arbúcies, for instance, the KNMI Model
predicts a 2% increase in precipitation, but a 14% increase in discharge. This is because under the
KNMI model at Arbúcies the pattern of precipitation shifts to give less precipitation in summer and
more in winter. The smaller evapotranspiration in winter means that winter precipitation is more
effective in generating HER, hence the increase in discharge. Similar though less spectacular effects
are probably occurring at all the sites. At the Tarland Burn on the Dee, for instance, the KNMI Model
predicts a decreased summer flow and increased winter flow too, resulting in a slightly increased
flow overall, but the SMH Model gives a year-round flow reduction. The difference between these
behaviours may be of considerable ecological significance.
Overall, the changes in temperature and precipitation give rise only to small changes in discharge in
the northern and mid-latitude sites, but to large decreases in the south. The Had Model gives the
largest decreases in discharge in the south, and the KNMI Model the smallest. At the other sites,
however, the higher temperatures predicted by the Had Model compared to the other models are
compensated somewhat by the higher precipitation, leading to smaller differences between the
models. This overview concentrates on annual mean values, but seasonal changes are also likely to
be important in determining responses, both in the modelling work and in reality.

4.2. River Concentrations
4.2.1. Present and future nutrient concentrations
The modelled nutrient concentrations for the present (1981 – 2010) and future (2013 – 2060) given
climate change but no land use change are shown in Fig. 8 (total P), Fig. 9 (soluble reactive P, SRP)
and Fig. 10 (NO3 –N). The percentage changes due to climate change for the same nutrients are
shown in Figs 11-13 respectively. Figs 11-13 also show the nutrient concentrations resulting from
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land use changes in these catchments. The same three GCM – RCM combinations were used for the
modelling.
Each site in Figs 8-10 is plotted on the same scale to facilitate comparison between sites. Highest
total P concentrations were found in the Vltava due to the mixture of agricultural, wastewater and
fish culture sources. Changes in total P due to climate change alone were generally small (Figs 8 and
11). Mostly they were slight increases, exceeding 10% only in the Vltava, which also had the highest
total P concentrations to start with. The increases in the Vltava occur primarily in the summer
months, and are associated with low flow situations, indicating that they are due to less dilution of
wastewater inputs. At the Vansjø-Hobøl in Norway, in contrast, total P declined with climate change.
SRP showed much larger effects than total P, both positive and negative, and the effects depended
much more strongly on the climate model (Figs 9 and 12). Highest concentrations were found in the
Thames, where the large population generates substantial SRP in wastewater. Second highest,
perhaps surprisingly, was Beysehir, because the low specific runoff appears to make the river water
more concentrated. Changes due to climate alone ranged from 39% increases at Vltava to 33%
decreases at Beysehir, both with the Had Model (Fig. 12). The increase at Vlatava is consistent with
less dilution of wastewater inputs, and the decreases at Beysehir show that the P is not derived from
a fixed volume source like wastewater, but is being leached from the land. Changes at the Dee and
Thames in contrast are very small – too small to see on the graph in the Thames case. At Yläneenjoki
in Finland, SRP declines even though total P increases. This may be because, with greater discharge,
soil erosion increases leading to an increase in particulate phosphorus. Soil erosion is a recognised
problem in this catchment. SRP on the other hand decreases because of the dilution of point source
inputs.
Figure 10 shows NO3-N concentrations across the Demonstration Catchments. Concentrations are
lower in the south than the north, and appear to correlate with the amount of arable agriculture.
The Thames has very high concentrations compared to the other sites. Concentrations generally
decline due to climate change, but the changes are small, being more than -10% only at 2 site/GCM
combinations (Dee and Beysehir, Figure 13). It is not easy to pinpoint the causes of the lower nitrate
concentrations, but reduced leaching due to reduced water flux is one factor where hydrologicallyeffective rainfall declines, and increased loss rates due to denitrification and plant uptake could be
other contributors.
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Figure 4: Mean air temperatures, present (1981- 2010) and future (2031 – 2060), at the
Demonstration Sites based on runs with three different climate models: ECHAM5-KNMI (blue);
SMHIRCA-BCM (red); and HadRM3P-HadCM3Q0 (green). At some sites, observed temperatures
are used instead of modelled values (orange).
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Figure 5: Mean annual precipitation, present (1981- 2010) and future (2031 – 2060), at the
Demonstration Sites based on runs with three different climate models: ECHAM5-KNMI (blue);
SMHIRCA-BCM (red); and HadRM3P-HadCM3Q0 (green). At some sites, observed precipitation
was used instead of modelled values (orange).
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Figure 6: Mean annual river discharge (Q), present (1981- 2010) and future (2031 – 2060), at the
Demonstration Sites based on runs with three different climate models: ECHAM5-KNMI (blue);
SMHIRCA-BCM (red); and HadRM3P-HadCM3Q0 (green). At some sites, observed discharge was
used instead of modelled values (orange).
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Figure 7: Absolute change in air temperature, and percentage change in precipitation and river
discharge, for the period 2031 – 2060 relative to the baseline period 1981 – 2010. Sites are
arranged North to South. Climate models were: ECHAM5-KNMI (blue); SMHIRCA-BCM (red); and
HadRM3P-HadCM3Q0 (green).
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Figure 8: Mean total phosphorus concentrations, present (1981- 2010) and future (2031 – 2060), at
the Demonstration Sites based on runs with three different climate models: ECHAM5-KNMI
(blue); SMHIRCA-BCM (red); and HadRM3P-HadCM3Q0 (green). At some sites, modelled total P
based on observed met data was used (orange) – hence only one value. Total P was not modelled
at all sites – here both sites in the Dee catchment are reported, replacing the Thames.
18

Figure 9: Mean soluble reactive phosphorus (SRP) concentrations, present (1981- 2010) and future
(2031 – 2060), at the Demonstration Sites based on runs with three different climate models:
ECHAM5-KNMI (blue); SMHIRCA-BCM (red); and HadRM3P-HadCM3Q0 (green). At some sites,
modelled SRP based on observed met data was used (orange) – hence only one value. SRP was not
modelled at all sites.
19

Figure 10: Mean nitrate-nitrogen concentrations, present (1981- 2010) and future (2031 – 2060), at
the Demonstration Sites based on runs with three different climate models: ECHAM5-KNMI
(blue); SMHIRCA-BCM (red); and HadRM3P-HadCM3Q0 (green). Note the scale on the Thames is
three times that on the other graphs. At the Louros, modelled NO3 –N based on observed met data
was used (orange) – hence only one value.
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Figure 11: Percentage change in total phosphorus concentrations based on runs with three
different climate models: ECHAM5-KNMI (blue); SMHIRCA-BCM (red); and HadRM3P-HadCM3Q0
(green). “Base” represents change due to climate change alone, and LU1 – LU4 have different land
uses superimposed on this climate change.
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Figure 12: Percentage change in soluble reactive phosphorus (SRP) concentrations based on runs
with three different climate models: ECHAM5-KNMI (blue); SMHIRCA-BCM (red); and HadRM3PHadCM3Q0 (green). “Base” represents change due to climate change alone, and LU1 – LU4 have
different land uses superimposed on this climate change.
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Figure 13: Percentage change in nitrate – nitrogen concentrations based on runs with three
different climate models: ECHAM5-KNMI (blue); SMHIRCA-BCM (red); and HadRM3P-HadCM3Q0
(green). “Base” represents change due to climate change alone, and LU1 – LU4 have different land
uses superimposed on this climate change.
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4.2.2. Effects of land use change and climate change on nutrient concentrations
Figures 11-13 also show the predicted effects of up to four land use changes, labelled LU1 to LU4, on
nutrient concentrations. Land use changes were based on local interpretation of the four IPCC SRES
Scenarios, as illustrated in Fig. 14 below for the Yläneenjoki catchment in Finland:

Figure 14: The four IPCC SRES storylines, and their interpretation for the Yläneenjoki catchment (in
black). After Lepistö et al. (2013).
Figure 11 shows that for total P, the modelled changes are greater when there is land use change as
well as climate change. To make this clearer, Table 3 shows the mean percentage change due to
climate change alone, and the mean additional change due to land use. Clearly the effects of the
land use changes will depend on the magnitude of the change modelled, but both climate and land
use changes are best estimates of the likely scenarios, so it seems valid to compare them. The
“Economic” scenarios (A1 and A2, corresponding to LU1 and LU2) usually lead to total P increases,
whereas the “Environmental” scenarios (B1 and B2, corresponding to LU3 and LU4) lead to declines.
However, at the Vltava, the A2 Scenario leads to a decline as well, and at the Louros all scenarios
lead to P increases. However, at the Louros, all scenarios involve an increase in agricultural
production to some degree. Differences between the models occur as with the baseline predictions,
and at most sites the changed land use predictions retain the same pattern of response to the
models as the baseline predictions, usually exaggerating them. Only at the Vansjø-Hobøl is this not
true. At this site, LU1 is a composite “Economic” scenario and LU2 a composite “Environmental”
scenario, reflecting changes in both agriculture and human inputs. At the Arbúcies catchment, the
total P increases in the “Economic” scenarios are very large (Fig. 11). This is due largely to
assumptions about population growth (larger in these scenarios) and effectiveness of sewage
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treatment works (poorer in the “Economic” scenarios due to lax regulation and smaller investment).
The effects of the scenarios on agriculture are minor by comparison.

Site

Total P

SRP

NO3-N

Climate Land use Climate Land use Climate Land use
Yläneenjoki

7

18

11

5

-

-

Vansjø-Hobøl 3

6

-

-

-

-

Dee

2

15

1

2

7

9

Thames

-

-

1

32

4

11

Vltava

13

25

30

21

6

21

Arbúcies

15

73

6

28

6

18

Louros

3

3

3

4

2

0

Beysehir

-

-

30

5

7

2

Table 3. Mean percentage changes due to climate change (relative to the baseline climate) and the
additional percentage change due to land use change (relative to the appropriate baseline).
Where there is more than one climate and land use change, the arithmetic mean change has been
taken. The sign of the change has been ignored in computing the averages.
Figure 12 shows the percentage change in SRP, including for two sites (Thames and Beysehir) where
total P was not calculated. On the Thames, both the land use changes (LU1 and LU2) involve an
increase in intensive agriculture and hence P output. LU3 and LU4 represent the same land use
change but with the construction of a reservoir, which changes the seasonal flow pattern but has
only a small effect on annual P concentrations. In contrast, climate change alone has almost no
effect on SRP concentrations (not visible in Fig. 12). At Beysehir, SRP concentrations decline in all
scenarios, in tandem with the reduction in water discharge (Fig. 7). This includes the baseline
scenario, and indicates less leaching from a catchment source. The “Environmental” scenarios have
greater reductions, due to the fact that they contain mitigation measures such as buffer strips. At
the Vltava, change in SRP followed a similar pattern to total P, but percentage changes were
generally greater, reflecting again the importance of STWs in this catchment. At the Finnish site
Yläneenjoki the pattern of change in SRP (Fig. 12) was strikingly different from that of total P (Fig.
11), with the economic scenarios generating a larger reduction than the environmental scenarios. It
is not clear which features of the catchment or scenarios are causing this. For SRP, the pattern that
land use change has a greater effect than climate change is not so general as with total P. At
Beysehir, the modelled changes due to climate change are large, so the agricultural changes have
less effect relatively.
Percentage changes in nitrate-N concentrations (Fig.13) are generally somewhat smaller than those
of SRP or total P concentrations, except at Yläneenjoki, which may be because the land use scenarios
there involve quite large changes in agricultural practice. As with total P, the modelled changes are
greater than when there is land use change as well as climate change (Table 3), except at Beysehir
and the Louros (where all changes are small). At these sites, Nitrate concentrations decline in
virtually all scenarios, whereas further north there is a mixture of responses depending on the
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scenario, with in general, the “Environmental” scenarios generating reductions. At the Vltava the B2
(LU4) scenario however generated an increase in N, as this scenario has a higher proportion of
arable land.
The overall pattern of nutrient changes in rivers is that climate change alone does not cause a large
proportional change in concentration, except for SRP at the Vltava (increase) and Beysehir
(decrease). Generally, SRP and nitrate decrease due to climate change, while total P increases.
Predicted changes in land use generally make a larger difference to concentrations, though SRP is
more equivocal. The “Economic” land use scenarios generally increase concentrations while the
“Environmental” scenarios decrease them, but the precise pattern depends on the predicted land
use change in each case. A complex interaction between climate and socio-economic drivers is
evident in the modelled outcomes. In most cases the nutrient concentrations react in the same way
independently of the climate model used, but in some instances (notably at the Louros) the
differences between the predictions using different climate models are greater than those between
the scenarios.

4.3. Lake Concentrations
Modelled nutrient concentrations in lakes for the present (1981 – 2010) and future (2013 – 2060),
given climate change but no land use change are shown in Fig. 15 (total P), Fig. 16 (soluble reactive
P, SRP) and Fig. 17 (NO3 –N) for those catchments with lakes.

Figure 15. Mean total phosphorus concentrations, present (1981- 2010) and future (2031 – 2060),
at Demonstration Site lakes, based on runs with three different climate models: ECHAM5-KNMI
(blue); SMHIRCA-BCM (red); and HadRM3P-HadCM3Q0 (green). At the some sites, observed total
P was used instead of modelled values (orange).
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Figure 16. Mean soluble reactive phosphorus concentrations, present (1981- 2010) and future
(2031 – 2060), in Demonstration Site lakes, based on runs with three different climate models:
ECHAM5-KNMI (blue); SMHIRCA-BCM (red); and HadRM3P-HadCM3Q0 (green). At some sites,
observed total P was used instead of modelled values (orange) for the ‘present day’ baseline.

Figure 17: Mean nitrate nitrogen in lakes at two sites. Legend as for Fig. 16.
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Mostly the changes in nutrient concentrations in lakes due to climate change are quite small, and
are smaller than the relative concentration changes in the rivers that feed the lakes. Differences
between the predictions of the GCMs are small too. This may be because lakes have mechanisms
that buffer concentrations, such as P release from sediments or denitrification, and these reduce the
differences between scenarios. Changes in discharge also tend to reduce the differences between
scenarios, making lake loadings less variable than concentrations. The exception is Beysehir, where
reductions in both discharge and concentration cause a large change in load. Changes in nutrient
loads delivered from the catchment feed through into chlorophyll concentrations (Fig. 18).

Figure 20: Annual mean chlorophyll-a concentrations at the lake sites. Legend as in Fig.16.

28

Modelled changes in chlorophyll-a due to climate change are also small at these sites, and there are
both increases (Pyhäjärvi, Vansjø-Hobøl, IJsselmeer) and decreases (Vltava, Beysehir).
The effects of land use change are compared to those of climate change in Figures 19 -22.

Figure 19: Percentage change in total phosphorus concentrations in lakes based on runs with three
different climate models: ECHAM5-KNMI (blue); SMHIRCA-BCM (red); and HadRM3P-HadCM3Q0
(green). “Base” represents change due to climate change alone, and LU1 – LU4 have different land
uses superimposed on this climate change.
Figure 19 shows that, in contrast to the effects of climate change alone, land use change can have a
considerable effect on total P concentrations. In some but not all cases, there is a greater effect of
land use change on lake concentrations than on stream concentrations (Fig. 11). Generally, those
land use changes designed to reduce P concentrations do so, sometimes considerably, and pursuit of
the “Economic “ land use scenarios increases concentrations. The differences between the GCMs are
reduced compared to those in the driving variables (Fig. 7), with little consistent pattern. At
Pyhäjärvi, the SMHIRCA model leads to smaller changes than the other models, except with LU4. In
the Orlík reservoir (Vltava), the phosphorus concentrations were highest in the LU1 scenarios
exceeding the current (20062010) state by approximately 60%, which is more than the
corresponding increase in the inflow concentrations. In contrast, the LU3 scenarios showed a
smaller decrease than that in the TP and PO4-P concentrations in the inflow. This suggests that the P
retention in the reservoir is controlled by a non-linear function of P loading that is apparently
influenced also by the changes in the seasonal hydrological pattern and/or climate variables.
SRP concentrations show a similar pattern (Fig. 20) with higher percentage changes than those of
total P at the Vansjø-Høbol and Vltava. In the Vltava catchment (the Orlik Reservoir) the increases
mostly occur in summer and are associated with low flow situations and lower dilutions of
wastewater inputs. In Norway, a combination of measures are responsible for the increases and
decreases of SRP (see Deliverable 5.10).
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Figure 21 shows nitrate-N concentrations in the two lakes where it was modelled: the IJsselmeer and
the Orlik Reservoir in the Vltava Catchment. In the IJsselmeer, the considerable reduction is due
mostly to a change in N load – this is much larger than the increase in denitrification due to
temperature increase which can be seen in the base case. In the Orlik reservoir the changes mirror
the changes in the input (Fig. 13) very closely.

Figure 20: Percentage change in SRP concentrations in lakes based on runs with three different
climate models: ECHAM5-KNMI (blue); SMHIRCA-BCM (red); and HadRM3P-HadCM3Q0 (green).
“Base” represents change due to climate change alone, and LU1 – LU4 have different land uses
superimposed on this climate change.

Figure 21: Percentage change in NO3-N concentrations in the IJsselmeer and Vltava Catchment
(Orlik Reservoir) based on runs with three different climate models: ECHAM5-KNMI (blue);
SMHIRCA-BCM (red); and HadRM3P-HadCM3Q0 (green). “Base” represents change due to climate
change alone, and LU1 – LU4 have different land uses superimposed on this climate change.

30

Figure 22: Percentage change in chlorophyll concentrations in lakes based on runs with three
different climate models: ECHAM5-KNMI (blue); SMHIRCA-BCM (red); and HadRM3P-HadCM3Q0
(green). “Base” represents change due to climate change alone, and LU1 – LU4 have different land
uses superimposed on this climate change.
Figure 22 shows the resulting changes in chlorophyll in all the lakes. At Pyhäjärvi and Vansjø-Høbol,
climate change leads to a small increase in chlorophyll concentrations, economic land use scenarios
produce a further large increase, and environmental land use scenarios lead to a reduction. In both
cases the changes closely mirror those of total P (Fig. 19). Temperature-induced increases in algal
growth and internal P loading cause an increase in chlorophyll at the IJsselmeer due to climate
change, whereas land use change leads to a reduction due to decreased external nutrient loading. At
the Orlik Reservoir (Vltava) a small decrease in chlorophyll due to climate change is attributed to
increased P retention by the reservoir due to hydrological changes. Land use changes generally
caused a decrease in chlorophyll, even when total P increased. This illustrates that changes such as
in seasonal hydrological patterns can over-ride the responses expected from simple linear
relationships. At Beysehir, changes in chlorophyll are largely negative due to reduced nutrient
loading and water flux. The chlorophyll changes are however substantially smaller than the changes
in water and nutrient inputs. At both Vltava and Beysehir, there are substantial differences in
response to the GCM models – the KNMI Model has the smallest effect, the Hadley Model is
intermediate, and the SMH Model leads to the largest decreases in chlorophyll. Again, this is a
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different response pattern to those in the driving variables, where the Hadley Model has the largest
effect on temperature, precipitation and discharge (Fig. 7).

4.4. Mitigation Measures
4.4.1. With present day climates
A major part of the modelling work in REFRESH was assessing the efficacy of mitigation measures,
aimed at reducing the effects on nutrient concentrations. Because a large number of these were
tested, with considerable variation between sites, this synthesis concentrates on two questions:
would mitigation measures be effective if applied at the present time, and would they still be
effective if applied in a future climate? Figures 23-25 compare the effectiveness of mitigation
measures applied at the present time given the different baseline climate scenarios, for total P, SRP
and NO3-N respectively.

Figure 23: Mean total P concentrations, using baseline conditions, in rivers at the Demonstration
Sites based on runs with three different climate models: ECHAM5-KNMI (blue); SMHIRCA-BCM
(red); and HadRM3P-HadCM3Q0 (green), with or without the most effective combined mitigation
measures. Observed values were used at the Louros (orange). Mitigation was not modelled at all
sites.
Figure 23 shows mitigation measures for total P using present-day modelled climates. The mitigation
measures are effective in reducing P concentrations. The measures used included increases in winter
vegetation cover on arable land and reductions in fertiliser (Yläneenjoki); fertiliser reductions and P
reductions at sewage treatment works in the Skene sub-catchment of the Dee; reduced fertiliser
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loads at the Louros; and improving P removal at sewage treatment works, improving management
of fish farms, and using 20m buffer strips to prevent erosion in vulnerable areas in the Vltava.

Figure24: Mean SRP concentrations, using baseline conditions, in rivers at the Demonstration Sites
based on runs with three different climate models: ECHAM5-KNMI (blue); SMHIRCA-BCM (red);
and HadRM3P-HadCM3Q0 (green), with or without the most effective combined mitigation
measures. Mitigation was not modelled at all sites.
Fig. 24 shows that SRP has a similar pattern to total P, though the mitigation measures do not
appear as effective at Yläneenjoki. In the Thames, a mitigation strategy of fertiliser reduction plus a
high degree of P removal at sewage treatment works was very effective in reducing P
concentrations.
Finally Fig. 25 shows the effect of mitigation measures on nitrate concentrations. Here the
reductions in concentrations are much smaller. In some cases, the mitigation measures are aimed at
reducing P concentrations and hence have little effect on nitrate. At the Louros, the reductions in
nitrate are very small, perhaps because most of the added N is absorbed by the crop in any case. For
instance, the most radical mitigation measure involves 50% reduction in fertiliser application to the
most important crops, but the reduction in river nitrate is less than 2.5%.
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Figure 25: Mean NO3-N concentrations, using baseline conditions, in rivers at the Demonstration
Sites based on runs with three different climate models: ECHAM5-KNMI (blue); SMHIRCA-BCM
(red); and HadRM3P-HadCM3Q0 (green), with or without the most effective combined mitigation
measures. Mitigation was not modelled at all sites.
4.4.2. With future climates

Figures 26 to 28 show the effects of a combination of mitigation measures on total P, SRP
and NO3-N respectively, given future climates. Because there are a lot of combinations, only
the best and worst cases are presented here. Fig. 26 shows total P –it can be seen that the
selected mitigation measures are still effective with future climates, except in the best case
Vltava (Orlik Reservoir) where processes in the reservoir exert a dominating influence. A
similar pattern can be seen for SRP (Fig. 27) except at Yläneenjoki where mitigation
measures had little effect, because they were targeted at total P which is the major input
there. Similarly for nitrate (Fig. 28), where the effects of mitigation measures are much
smaller because they are targeted at the best ecological outcome in most cases, which
means reducing P.
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Figure 26: “Best Case” and “Worst Case” total P concentrations in demonstration site rivers in
future climates (2031-2060), without mitigation measures (red) and with appropriate combined
mitigation measures (green).
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Figure 27: “Best Case” and “Worst Case” SRP concentrations in demonstration site rivers in future
climates (2031-2060), without mitigation measures (red) and with appropriate combined
mitigation measures (green).
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Figure 28: “Best Case” and “Worst Case” NO3-N concentrations in demonstration site rivers in
future climates (2031-2060), without mitigation measures (red) and with appropriate combined
mitigation measures (green)
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4.5. Water Framework Directive Status
The current biological and chemical status of the various sites under the Water Framework Directive
(WFD) is shown in Figure 29. It can be seen that the sites cover a range of status from “good” to
“poor”, and that chemical status and biological status are not always the same. The WFD status is
determined by a “one-out-all-out” approach, i.e. the score is that of the worst-performing element.

Figure 29: Current Water Framework Directive biological and chemical status at the
Demonstration Sites
The change in WFD status given various mitigation practices is shown in Table 4 (chemical status)
and Table 5 (biological status). Status is colour-coded for ease of interpretation. Mitigation measures
in some cases do improve the chemical WFD classification, such as with current climates (Thames)
and future climate-land use combinations (Yläneenjoki). In most cases, however, though nutrient
concentrations may decrease, the classifications remain the same because a boundary is not
crossed. Similarly, the biological WFD classifications usually remain the same after mitigation (Table
5). The Skene sub-catchment of the River Dee (at the Corskie Burn) is the only one where there is a
consistent increase in classification on mitigation, as well as the only instance of a “high”
classification. The Tables however concentrate on the major effects at each site, and cannot show
the wealth of detail in all the data. For instance, in the Dee Catchments the most sensitive element
of the aquatic ecosystems is the freshwater pearl mussel Margaritifera margaritifera for which the
biological status is “bad” whatever the climate, land use or mitigation scenario, reflecting its
threatened status.

38

Site

Current

Current
Best Case
with
mitigation

Best case Worst
with
Case
mitigation

Pyhäjärvi

Good

Good

Good

Yläneenjoki

Moderate Moderate

Moderate Good

Poor

Moderate

Vansjø-Høbol

Moderate X

Moderate X

Poor

X

Good

Worst case with
mitigation

Moderate Moderate

River Dee Tarland
Good

Good

Good

Good

Good

Good

River Dee Skene
Good

Good

Good

Good

Good

Good
X

Thames

Moderate Good

Moderate Moderate

X

IJsselmeer

Poor

Good

Moderate X

Vltava

Moderate Moderate

Moderate Good

Moderate Moderate

Arbucies

Good

X

Good

X

Good

X

Louros

Good

Good

Good

Good

Good

Good

Beysehir

Good

X

Good

X

Good

X

X

X

Table 4: Chemical Water Framework Directive status , where assessed, at the Demonstration Sites.
Each pair of columns shows the status with and without a set of combined mitigation measures.
“Current” is the situation with the present climate, and “best case” and “worst case” are
combinations of future climates and land use changes. X means not assessed.

An interesting situation arises at the IJsselmeer, which is a nutrient-limited lake. Here nutrient
reductions due to land use changes improve the lake WFD chemical status. However, higher
temperatures and lower nutrients result in a considerable decrease in primary production, which in
turn has deleterious effects on populations of pisciverous and benthivorous bird species. The
IJsselmeer is a Natura2000 site and the site’s ecosystems are protected under the EU Habitats
Directive. Thus the WFD and the Habitats Directive have conflicting goals here. One effect of the
modelled climate change (a rise in temperature of 2.6°C) is to almost eliminate zebra mussels from
the lake. Though zebra mussels are not a native species, they are a keystone species in the
IJsselmeer, and their elimination would affect virtually all aspects of the ecosystem. As the
IJsselmeer is an artificial creation, perhaps the WFD emphasis on near-pristine conditions as a
criterion for “good” status is not appropriate here.
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Site

Current

Current
Best Case
with
mitigation

Best case Worst
with
Case
mitigation

Worst case
with
mitigation

Pyhäjärvi

Good

Good

Good

Good

Moderate Moderate

Yläneenjoki

Good

Good

Good

Good

Moderate Moderate

Vansjø-Høbol

Good

X

Good

X

Moderate X

River Dee Tarland
Good

Good

Good

Good

Good

Good

River Dee Skene
Good

High

Good

High

Good

High

X

X

X

IJsselmeer

Moderate X

X

Vltava

Moderate Moderate

Moderate Moderate

Moderate Moderate

Arbucies

Good

Good

Good

Good

Good

Good

Table 5: Biological Water Framework Directive status, where assessed, at the Demonstration Sites.
Each pair of columns shows the status with and without a set of combined mitigation measures.
“Current” is the situation with the present climate, and “best case” and “worst case” are
combinations of future climates and land use changes. X means not assessed.
The overall impression given in relation to WFD status is that mitigation provides a worthwhile
reduction in risk, sometimes resulting in crossing a WFD boundary. Occasionally this is the
moderate/good boundary which would result in the catchment meeting the criterion of at least
“good” status by 2015 which is enshrined in the WFD.

40

5. Conclusions
5.1. Uncertainty
The long-term trends and the seasonal variations in the flow, the streamwater nitrate and
phosphorus concentrations and lake water chlorophyll-a concentrations can be treated with
confidence. Dynamic models are however not sufficiently developed to simulate extremes. The
overall model performance results appear to reflect the relative complexity of simulating each
aspect of the hydrology, nitrate, phosphorus and chlorophyll-a dynamics. River flows are determined
by the prevailing and preceding patterns of precipitation and the soil antecedent moisture
conditions primarily. If the catchment-scale model is able to represent these well, then the
simulations of mean daily flow are good. With streamwater nitrate, the sources are multiple and
vary with land cover, and therefore these are harder to represent. Nitrate is soluble and moves
through the catchment with the flow of water and therefore if the flow contributions are modelled
well and the main distinctions between land cover types are captured in terms of differences in the
soil and groundwater nitrate concentrations and how these change seasonally, then the
representation of the seasonal variations in the streamwater nitrate dynamics tends to be good too
(Wade et al., 2005). Given that phosphorus moves between soluble and particulate phases, and is
readily assimilated and released by aquatic plants and animals, then it is more difficult to simulate
the detailed phosphorus dynamics with great accuracy. Likewise, lake water chlorophyll-a
concentrations depend on a complex, integrated set of drivers and processes and are difficult to
simulate precisely. Overall, an assessment of water quality and biological simulations based on pairwise comparison is an exacting method since it does not consider the complex nature of the
phenomenon being simulated. A better test of a model is to use the sensitivity results to determine
if the correct drivers and processes are represented, and if the observed distributions of flow and
concentration are simulated well. Future responses can then be assessed by comparing the
distribution before and after the simulated environmental change (e.g. Wilby et al., 2006).

5.2. Climate drivers
Model predictions tend to show that Europe will become warmer, and also wetter in the north, but
much drier in Mediterranean regions, and the modelling results used in REFRESH conform to this
pattern. All three GCM-RCM models predict a rise in temperature over Europe, with the Had Model
consistently and significantly higher than the others, with a mean rise of 2.2 °C, followed by KNMI
(1.4 °C) and SMH (1.0 °C). This is the order generally observed for these models in Europe. The
highest temperature rises are in Finland: apart from this site there is a north-south gradient with the
greatest temperature rises in the south, though the differences between the models are generally
greater than the differences between the sites. Predictably, there is also a north-south gradient in
the actual temperature, though this is modified by the relatively high altitude of the southern sites.
For precipitation, there is a distinct north-south divide, with small increases in the north and midlatitude sites, and large decreases in the south. At Arbúcies in the Pyrenees, there is considerable
variability between models, with the Had Model predicting a 17% decline in precipitation, and the
SMH Model a 15% increase. Once again, the Had Model tends to give more extreme predictions. All
models concur, however, in predicting substantial decreases in precipitation at the Greek and
Turkish sites.
The increase in temperature increases evapotranspiration, thus reducing the water available for
river flow. This has contrasting effects in the north and the south. The northern sites generally have
a small increase in precipitation and the increase in temperature and thus evapotranspiration almost
cancels it out, leading to a smaller percentage increase in discharge, or even a slight reduction in
some model - site combinations, reducing the magnitude of change in river flow. The southern sites
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have a large percentage decrease in precipitation, and here higher temperatures exaggerate the
change, leading to an even larger percentage reduction in discharge, since the increased
evapotranspiration is a larger percentage of the available water. The Hadley Model gives the largest
decreases in discharge in the south, and the KNMI Model the smallest.
To understand the change in discharge pattern more completely, however, seasonal effects need to
be taken into account. At Arbúcies, for instance, the KNMI Model predicts a 2% increase in
precipitation, but a 14% increase in discharge. This is because under the KNMI model at Arbúcies the
pattern of precipitation shifts to give less precipitation in summer and more in winter. The lower
evapotranspiration in winter means that winter precipitation is more effective in generating HER,
hence the increase in discharge. Similar, though less spectacular, effects are probably occurring at all
the sites. At the Tarland Burn on the Dee, for instance, the KNMI Model predicts a decreased
summer flow and increased winter flow too, resulting in a slightly increased flow overall, but the
SMH Model gives a year-round flow reduction. The difference between these behaviours may be of
considerable ecological significance.

5.3. Nutrient Concentrations
Changes in total P due to climate change alone are mostly small, whereas changes in SRP are larger
and more variable both between sites and between climate models. The differences seem due
mostly to differences in the types of source present at each site. Where there is a substantial
wastewater input, as at the Vltava site, reducing water volumes imply increases in nutrient
concentrations as wastewater inputs are a reasonably constant volume. Where agriculture is the
major source of nutrients, loads can decline in proportion to the declining water flux, and hence
concentrations do not change or even decline, as at Beysehir, where the reduction in SRP is
substantial. Nitrate shows little change due to climate change alone, the modelled changes mostly
being small declines.
For total P, the modelled changes in nutrient concentrations due to land use change are greater than
with climate change alone. Clearly the effects of the land use changes will depend on the magnitude
of the change modelled, but both climate and land use changes are best estimates of the likely
scenarios, so it seems valid to compare them. For SRP, this is also mostly the case, but at certain
sites the changes due to climate alone are greater. At Beysehir, this is because the change in climate
is substantial (less precipitation and higher temperatures), so the agricultural changes have relatively
little effect. At the Vltava, the importance of wastewater inputs means that concentrations increase
due to low flows, increasing the importance of climate change. Percentage changes in nitrate-N
concentrations are generally somewhat smaller than those of SRP or total P concentrations, except
at Yläneenjoki, which may be because the land use scenarios there involve quite large changes in
agricultural practice. As with total P, the modelled changes are greater than when there is land use
change as well as climate change, except at Beysehir and the Louros (where all changes are small).
At these sites, nitrate concentrations decline in virtually all scenarios, whereas further north there is
a mixture of responses depending on the scenario, with in general, the “Environmental” scenarios
generating reductions. At the Vltava the B2 (LU4) scenario however generated an increase in N, as
this scenario has a higher proportion of arable land.
The overall pattern of nutrient changes in rivers is that climate change alone does not cause a large
proportional change in concentration, except for SRP at the Vltava (increase) and Beysehir
(decrease). Generally, SRP and nitrate decrease due to climate change, while total P increases.
Predicted changes in land use generally make a larger difference to concentrations, though SRP is
more equivocal. The “Economic” land use scenarios generally increase concentrations while the
“Environmental” scenarios decrease them, but the precise pattern depends on the predicted land
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use change in each case. In most cases the nutrient concentrations react in the same way
independently of the climate model used, but in some instances (notably at the Louros) the
differences between the predictions using different climate models are greater than those between
the scenarios.
The changes in nutrient concentrations in lakes due to climate change are quite small, and are
smaller than the relative concentration changes in the rivers that feed the lakes. Differences
between the predictions of the GCMs are small too. This may be because lakes have mechanisms
that buffer concentrations, such as P release from sediments or denitrification, and these reduce the
differences between scenarios. Changes in discharge also tend to reduce the differences between
scenarios, making lake loadings less variable than concentrations. The exception is Beysehir, where
reductions in both discharge and concentration cause a large change in load.
Changes in chlorophyll concentration due to land use are generally considerably greater than those
due to climate change alone. At Pyhäjärvi and Vansjø-Høbol, climate change leads to a small increase
in chlorophyll concentrations, economic land use scenarios produce a further large increase, and
environmental land use scenarios lead to a reduction. In both cases the changes closely mirror those
of total P. Temperature-induced increases in algal growth and internal P loading cause an increase in
chlorophyll at the IJsselmeer due to climate change, whereas land use change leads to a reduction
due to decreased external nutrient loading. At the Orlik Reservoir (Vltava) a small decrease in
chlorophyll due to climate change is attributed to increased P retention by the reservoir due to
hydrological changes. Land use changes generally caused a decrease in chlorophyll, even when total
P increased. This illustrates that changes such as in seasonal hydrological patterns can over-ride the
responses expected from simple linear relationships. At Beysehir, changes in chlorophyll are largely
negative due to reduced nutrient loading and water flux. The chlorophyll changes are however
substantially smaller than the changes in water and nutrient inputs. At both Vltava and Beysehir,
there are substantial differences in response to the GCM models – the KNMI Model had the smallest
effect, the Hadley Model was intermediate, and the SMH Model led to the largest decreases in
chlorophyll. This is a different response pattern to those in the driving variables.

5.4. Mitigation Strategies and Water Framework Directive Outcomes
Mitigation measures were generally effective in reducing nutrient concentrations in current
climates. Mitigation strategies were generally aimed at improving ecological outcomes and hence
tended to be targetted at P. Reductions in nitrate concentrations were therefore much lower than
those of total P and SRP. Mitigation strategies continued to work with future climates, though in
some cases the response to the mitigation measure was smaller than with present climates.
The initial status of the sites covered a wide range of WFD categories. Mitigation gives a general
reduction in risk, and can cause sites to cross boundaries between WFD classes in a favourable
direction. Of the 37 changes assessed in Tables 4 and 5, seven led to increases in WFD status, and
three to crossing the moderate/good boundary, thus fulfilling the requirements of the Directive.
Otherwise the WFD status stayed the same.

5.5. Overall Evaluation
The general picture presented in this report is that the predicted effects on waters differ between
the northern and southern sites. In the north and mid-latitudes, the increased temperatures are
balanced to some extent by increased precipitation, leading to relatively small effects on water
flows, though seasonal effects may still be important. In the south, increased temperatures and
lower precipitation act in the same direction to reduce water flows considerably. In the case of lake
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Beysehir, this may even lead to the lake drying up in the foreseeable future, and this effect would far
outweigh any nutrient-related problems. In general, the effects of climate change alone on nutrient
concentrations are rather small. The effects of credible land use changes are rather larger, and
generally, the land use changes representing the “environmental” storylines (B1 and B2) reduce
nutrient concentrations, and those from the “economic” storylines (A1 and A2) increase them.
However, there are exceptions and considerable differences in response between sites. The
responses seem more dependent on the mixture of nutrient sources (e.g. agriculture versus
wastewater) than the degree of climate change. Modelled ecological changes are not generally
proportional to the changes in nutrients. Ecological change can be less than the nutrient change (e.g.
chlorophyll at Lake Beysehir and the Orlik Reservoir in the Czech Republic) or greater due to a
complex set of reactions in the food web (e.g. at the IJsselmeer). Modelled mitigation options can
reduce nutrients, and there is no evidence here that they are less effective under a future climate.
With less certainty, mitigation options can affect the ecological status of waters at these sites in a
positive manner leading to an improvement in Water Framework Directive status at some sites.
Uncertainty in the climate models, as represented by the differences between the three GCM-RCM
combinations used in this study, did not affect this overall picture much, though there were
variations in response to the different models at individual sites.
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