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Climate changes and the potential related warming can change runoff, nutrient transport,
mean wind velocities and water temperatures. These changes will further affect algal growth
in a way that can be modelled. The changes to the nutrient load, temperature regime and
algal biomass were simulated by three separate models. The simulations were made for the
years 2020, 2050 and 2090. The simulated temperature variations and nutrient loading dy-
namics were used by algal model to predict changes of the algal biomass under the three
different climate scenarios. According to the different scenarios, the maximum temperature
of the surface water increased by 0.3–6.2 °C, but in the deeper waters (> 40 m) by less than
0.1 °C. The major part of the nutrient loads is anthropogenic and this part did not change in
the scenarios. Thus, the changes in the algal biomass were also relatively small. However,
the timing and quantity of spring bloom did change noticeably, at most in 2090, two weeks
earlier and 20% higher than nowadays.

Introduction

The assessments of the effect of climate change are
based nowadays on the results of mathematical
models. During the last forty years, numerical mod-
els have proved to be useful research tools in envi-
ronmental studies. The first water system model was
developed by Hansen (1956). More than hundred
models and almost thousand case studies have been
investigated before the 1990s (Koponen et al. 1992).

The aim of this study is to assess the possible
effects of climate changes in the Gulf of Finland.
Future climate scenarios, used by temperature and
catchment models, were simulated by the stochastic
weather generator CLIGEN. CLIGEN has been de-
veloped to produce daily meteorological data over
the territory of Finland (Carter et al. 1995). The
changes in the vertical distribution of water tempera-
ture were simulated with the one-dimensional verti-
cal PROBE model (Svensson 1978). The effect of
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Study site

The drainage basin of the Gulf of Finland is 410 960
km2. In this study the drainage basin has been di-
vided into four sub-basins: River Kymijoki basin,
the basin of rest of Finland, the basin of Russia and
the basin of north coast of Estonia. The drainage
basin of eastern Finland has been included in the
drainage basin of Russia (Table 1, Fig. 1).

The Finnish drainage basin is characterized
by a large number of lakes and rivers. The land is
dominated by forests (51%), wetlands (27%) and
lakes (10%). Agricultural areas (7%) are located
in the south-western Finland. The Finnish surface
waters are basically oligotrophic. Many lakes form
long water systems with slow water exchange.
Therefore, the pollution load is mixed in the wa-
ter systems before it reaches the Baltic Sea. In
most of the Finnish coastal rivers the discharge is
small. They are characterized by great variations
in flow and water quality. The variations can, e.g.,
be caused by changes in the natural conditions,
land use or wastewater loading (HELCOM 1993).

The catchment area of the Gulf of Finland
within the borders of Russia is 276 100 km2 with
80% (215 600 km2) of the area drained by the
river Neva. The total population of the drainage
area in Russia is 8.3 million inhabitants, 80% of
them living in the St. Peterburg district. The catch-
ment area is low and swampy. In Lake Ladoga
the retention time is several weeks so that a sig-
nificant part of pollutants accumulates in Lake
Ladoga (HELCOM 1993).

The drainage basin of the Gulf of Finland cov-
ers 26 400 km2 in Estonia and is populated by
1.27 million inhabitants. On average, 30% of the
catchment area consists of arable land, 39% are
covered by forests and 20% by swamps. The main

Fig. 1. Drainage basin of the Gulf of Finland. The
square marks the location of meteorological stations
Russärö and Hanko.

changes on the nutrient loads was calculated by the
catchment model of Bilaletdin et al. (1996). These
results were used as an input to the algal biomass
model (Inkala 1993) coupled with a 3-dimensional
hydrodynamic model (Kokkila 1995).

In large or complex model applications the
available measurement data are often insufficient.
So typical dynamics of temperature profiles and
algal biomass concentrations were also used as
verification criteria in this investigation. All mod-
els were calibrated using the weather conditions
of the year 1992.

Table 1. Some characteristics of the subcatchments of the Gulf of Finland. A = area, pl = lake percentage, pf =
field percentage, Mq = mean runoff.
—————————————————————————————————————————————————
Subcatchment A (km– 2) pl (%) pf(%) Mq (ls–1 km– 2)
—————————————————————————————————————————————————
River Kymijoki 37 2001) 17.33) 6.33) 7.71)

Rest of Finland 9 7001) 3.23) 26.23) 9.11)

Russia 337 6601)2) 17.02) 10.92) 7.52)

Estonia 26 4002) 6.22) 30.02) 11.82)

—————————————————————————————————————————————————
1)Leppäjärvi (1992), 2)HELCOM (1993), 3)EDS (environmental data system of the Finnish Environment Institute).
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river is the River Narva. About 39 000 km2 (70%)
of the watershed of the River Narva belong to
Russia (HELCOM 1993).

The area of the Gulf of Finland itself is ap-
proximately 30 000 km2 and its mean depth is less
than 40 m (Merenkulkuhallitus 1992, Kokkila
1995). The greatest part of the fresh water comes
from the River Neva (about 76% of river water
(Ehlin 1981)). Thus, the salinity increases from
east to west. It is about 2–6‰ in surface water
and about 5–9‰ in the deep water (Kullenberg
1981). The Estonian coastal area is steep unlike
the Finnish one. The Gulf of Finland is stratified
during summer (Pitkänen et al. 1990, 1993).

Material and methods

The catchment model

The loading data is given in Tables 2 and 3. The
catchment model consists of two components: a
runoff model (HBV) and a nutrient transport
model. The structure of the catchment model is

described more thoroughly by Bilaletdin et al.
(1996). The HBV runoff model is a relatively sim-
ple conceptual model, originally developed by
Bergström (1976). A modification of the HBV
model (Vehviläinen 1992) was used. The model
has a number of independent parameters, of which
values must be found by calibration. There are
also parameters describing characteristics of the
basin and climate, which are kept constant during
model calibration. Normally the catchment area
is divided into several sub-catchments. It is also
possible to separate the contributions of forested
and agricultural areas. The following input data
are needed: precipitation, temperature and evapo-
ration from all local stations. As output data of
the model the following quantities are produced:
discharges, soil moisture and soil frost.

Total phosphorus and nitrogen transport was
calculated separately for forested and agricultural
areas in the catchment as the product of runoff by
concentration (1):

L = Qfo × cfo + Qag × cag (1)

where L = transport (kg s–1), Q = discharge (m3 s–1),

Table 3. The nitrogen mass flows (t a–1) of diffuse loading (Ldiff), point source loading (Lpoint) and total loading
(Ltot).
—————————————————————————————————————————————————
Subcatchment Ldiff (t a–1) Ldiff (kg km– 2 a–1) Lpoint (t a–1) Ltot (t a–1)
—————————————————————————————————————————————————
River Kymijoki 6 2951)2)3) 169 1 0051)2)3) 7 300
Rest of Finland 9 1431)2) 943 8171)2) 9 960
coast 4 7941)2) 4 794
Russia 26 0401)4) 77 125 5501) 151 590
Estonia 7 3771) 279 29 3981) 36 775
Sum 48 855 161 564 210 419
—————————————————————————————————————————————————
1)HELCOM (1993), 2)HELCOM (1991), 3)Heinonen (1993), 4)Lääne et al. (1991).

Table 2. The phosphorus mass flows (t a–1) of diffuse loading (Ldiff), point source loading (Lpoint) and total loading
(Ltot).
—————————————————————————————————————————————————
Subcatchment Ldiff (t a–1) Ldiff (kg km– 2 a–1) Lpoint (t a–1) Ltot (t a–1)
—————————————————————————————————————————————————
River Kymijoki 2161)2)3) 6 941)2)3)  310
Rest of Finland 2561)2) 26 381)2)  294
coast 1581)2) 158
Russia 9601)4) 3 7 8631) 8 823
Estonia 3511) 13 1 6661) 2 017
Sum 1 783 9 819 11 602
—————————————————————————————————————————————————
1)HELCOM (1993), 2)HELCOM (1991), 3)Heinonen (1993), 4)Lääne et al. (1991).
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Fig. 2. Flow diagram of the
algal model.

charge and soil frost values were used in the nu-
trient transport model. The nutrient transport val-
ues of the sub-catchments of the Gulf of Finland
were summed together. Comparing the annual
runoff and transport values of future time horizon
(2020, 2050, 2100) with the values of present time
we can get the annual effect of climate change.

It is possible to estimate the bioavailable pro-
portion of total nutrient. For instance 30%
(Ekholm 1991) of diffuse phosphorus transport is
assumed to be available dissolved reactive phos-
phorus (DRP) and 100% of point source loading.
Correspondingly, the same values for dissolved
reactive nitrogen (DRN) and total nitrogen were
estimated to be 40% and 100%. The amount of
DRN depends strongly on the percentage of cul-
tivated land (Rekolainen et al. 1991).

The temperature model

A one-dimensional non-steady lake-averaged
hydrodynamic model, PROBE originally devel-
oped by Svensson (1978), was used for calcula-
tion of water temperature variations in the Gulf
of Finland. The western boundary of the Gulf is
close to the longitude 23° and there are about 30
layers in the model.

c = concentration (kg m– 3)
Nutrient concentration equations (2, 3) for for-

est and agricultural areas are the following:

cfo = c0fo × flp(lake percentage) × fca(catchment
area) × fru(runoff) × fsf(soil frost) (2)

cag= c0ag × flp(lake percentage) × fca(catchment area)
× fru(runoff) × fsf(soil frost) × fct(cover type) (3)

The principle of the equation is that the stand-
ard concentrations (c0fo, c0ag), referring to a cer-
tain standard catchment and standard hydrologi-
cal situation for forest and agricultural areas, are
corrected using empirical functions (flp(lake
pecentage), ...) (Bilaletdin et al. 1996). The func-
tions are designed so that their value is equal to
one in the standard situation. The dynamical run-
off calibration was made by using the discharges
of River Kymijoki. The simulated runoff values
of River Kymijoki were also used in the different
sub-catchments. Due to the lack of dynamical data,
the nutrient transport calibration was made by
using the annual transport values.

In the catchment model, the present values and
scenarios for the years 2020, 2050 and 2100 have
been used (Bilaletdin et al. 1996). The discharges
for forested and agricultural areas were calculated
using the HBV runoff model. The assessed dis-
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The model includes momentum and energy
conservation equations. The turbulence part of the
model is based on the k-ε theory. It calculates tem-
poral and vertical changes of water temperature,
horizontal components of velocity and turbulent
exchange coefficients. The model uses as input
data basic meteorological parameters, such as air
temperature, wind speed, humidity and cloudiness
for the computation of the boundary fluxes at the
air-water interface.

The algal model

The algal model is coupled with the 3-dimensional
hydrodynamic model. The Gulf of Finland was di-
vided into a grid with resolution of five kilometers.
There is ten vertical layers. Bathymetric data were
obtained from the sea maps (Merenkulkuhallitus
1992). The western boundary is the same as in the
temperature model.

The algal model does not calculate the tem-
perature. The values of temperature in the differ-
ent layers were taken from the result of the tem-
perature model. The thermocline depth in the tem-
perature and hydrodynamic model were at the
same depth layer.

The model simulates nitrogen in four forms:
ammonium, nitrate, the intracellular nitrogen of
phytoplankton and nitrogen in detritus. Phospho-
rus was modeled in three forms: phosphate, the
intracellular phosphorus of phytoplankton and
phosphorus in detritus. All phytoplankton species
were included into one simulated variable. The
flow diagram of the model is given in Fig. 2. The
variables, parameters and the equations are pre-
sented in Apps. 1–4.

Detritus nitrogen (App. 3: eq. 1) is formed
from phytoplankton intracellular nitrogen (cNA),
when phytoplankton dies, settles onto the bottom
or is predated by zooplankton. Intracellular nitro-
gen is released immediately after the decay of al-
gae (MA). The detritus nitrogen changes to am-
monium (b0) while the detritus sinks (nNdet).

Ammonium (App. 3: eq. 2) comes from at-
mospheric and riverine load and via the decay of
detritus nitrogen. The release from the sediment
is zero in this application, because the accumula-
tion of nitrogen into the bottom sediment and
denitrification cancels the influence (Pitkänen

1994). Ammonium is nitrified at first to nitrite
and then to nitrate by bacteria. The nitrification
rate (β1) is assumed to be constant. Different
phytoplankton species prefer either ammonium
or nitrate as their nutrient (App. 3: eqs. 13 and
14). In the model this is taken into account by the
preference coefficient (apr), which determines the
uptake rate of nitrate and ammonium for differ-
ent species (Scavia et al. 1976). The sedimenta-
tion rate of ammonium is zero.

Nitrite is assumed to decay so rapidly to ni-
trate that it is not simulated in the model. The ni-
trate load comes from rivers and the atmosphere.
Denitrification takes place near the bottom sedi-
ment. The nitrate uptake of phytoplankton is simu-
lated similarly as ammonium (App. 3: eqs. 3, 14
and 15).

The cycle of bioavailable phosphorus (App. 3:
eqs. 4, 5 and 7) is described in a similar way as
bioavailable nitrogen. If dissolved nitrogen (nitrate
and ammonium) is considered as one simulation
variable, we get the phosphorus equations by replac-
ing nitrogen (N) in the nitrogen equations (App. 3:
eqs. 1, 2, 3 and 6) with phosphorus (P). Of course
the parameter values are different. The decay rate of
phosphate (denitrification) is zero, so this term is
not included in the eq. 5 (App. 3).

The growth of phytoplankton (App. 3: eq. 9)
depends on temperature (App. 3: eqs. 18 and 19)
(Frisk and Nyholm 1980) and intracellular nutri-
ent concentration (App. 3: eq. 17) (Jrgensen 1988).
Nutrient uptake depends on concentration in wa-
ter, intracellular concentrations and also tempera-
ture (App. 3: eqs. 15, 16, 18 and 19). The depend-
ence on intracellular concentration is linear and
that on the concentration in water follows the
Michaelis-Menten formula. The effect of light
attenuation on growth is taken into account in two
ways. There is a maximal growth rate in the sur-
face layer (depth 0–12 m). The growth rate de-
creases linearly to the depth of 20 m and is zero
below. The seasonal changes are taken into ac-
count through a very simple linear light limiting
factor (App. 3: eqs. 20 and 21). It is also assumed
that intense light does not limit the growth.

The decay (respiration, mortality, grazing,
sedimentation) rate of phytoplankton depends on
temperature (App. 3: eqs. 18 and 19). The phyto-
plankton concentrations decrease very fast after
the spring bloom, when the nutrients run out. In
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Fig. 3. Monthly effects of
climate change (Carter et
al. 1995) on nitrogen trans-
port in the catchment area
of the Gulf of Finland.

Fig. 4. The effect of climate
change (Carter et al. 1995)
on dissolved reactive nitro-
gen transport (diffuse and
point source loading) in the
drainage basin of the Gulf
of Finland. A bold line is the
present time and a regular
line is year 2050.

Table 5. The annual effects (percentage changes from
the present values) of climate change on runoff and
nutrient transport. q = runoff, tot-P = total phosphorus
transport, tot-N = total nitrogen transport.
————————————————————————
Modelling year q (%) tot-P (%) tot-N (%)
————————————————————————
2020 + 2.4 + 4.3 + 3.7
2050 + 4.3 + 7.5 + 6.4
2100 + 7.1 + 12.4 + 10.7
————————————————————————

Table 4. The calibration results of standard concen-
trations in the subcatchments of the Gulf of Finland.
————————————————————————
Drainage basin Phosphorus Nitrogen

——————— ———————
c0forest c0field c0forest c0field

————————————————————————
River Kymijoki 80 300 2 200 8 000
Rest of Finland 80 330 2 200 13 000
Russia 40 130 1 300 2 000
Estonia 40 140 1 300 2 000
————————————————————————

the model, fast sedimentation (Sfa) depends on the
intracellular nutrients of phytoplankton. It begins
when the concentration of the intracellular nutri-
ents (characteristic quantity App. 3: eq. 17) de-
creases below the critical value (FL). A vertical
mean value is used because now the sedimenta-
tion occurs at the same time at all depths.

Results

Catchment model

The calibration results for the sub-catchments of the
Gulf of Finland are distributed logically (Table 4).
In the calibration, the standard concentrations of
phosphorus and nitrogen in the different parts of
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Finland were 2–6 times larger than in Russia and
Estonia. This is explained by the forestry prac-
tices and fertilizer levels in agriculture which are
nowadays much lower in Russia and Estonia than
in Finland.

At the annual scale the effects of climate
change on runoff are quite small (Table 5).

As a result of climate change, the seasonal
transport is increased between December and
April and decreased between May and August.
The situation during other months remains almost
unchanged (Fig. 3).

The proportions of the diffuse load of total
phosphorus and nitrogen are 15% and 23% of to-
tal nutrient, respectively (Tables 2 and 3). Point
sources are still the main polluters of the Gulf of
Finland, especially in Russia. Thanks to the esti-
mations of bioavailable proportions of total nu-
trients (see Material and methods) it is possible to
present results for dissolved reactive phosphorus
(DRP) and dissolved reactive nitrogen (DRN)
values in the climate change scenario (Fig. 4).

Temperature model

Initially, water temperature variations in the Gulf of
Finland were calculated using meteorological data
of the year 1992 (meteorological station of Russärö
and wind data from Hanko). There were no water
temperature observations available to the authors for
this year. The model satisfactorily reproduced the
seasonal cycle when compared with mean tempera-
ture changes (Mälkki and Tamsalu 1985). Future
climate scenarios, generated by GLIGEN, were used
to simulate changes in the vertical thermal structure
(Fig. 5). Results show that higher rates of air tem-
perature growth cause strong total increase in water
temperature as expected. Strong winds lead to high
mixing in surface layers, with a deepening of the
thermocline by 1–1.5 m and a sharpening of the
thermocline zone.

Algal model

The final aim was to characterise the possible ef-
fects of the imposed climate change on algal biomass.
The evaluation of the calibration simulations was
based on two common criteria: the dynamics of

Fig. 5. Two examples of simulations of temperature
model. First temperature isophlets are from 2020
central scenario (Carter et al. 1995) with 30% increase
of strong winds and second one is from 2090 high
scenario with 15% increase of strong winds. Time starts
from January 1.

phytoplankton and the summer biomass averages.
The model was able to describe the two peaks in the
concentrations of phytoplankton (Fig 6.), i.e., the
higher spring bloom and the lower bloom in late
summer.

The average algal biomass concentrations
were compared with all measurements of the sur-
face layers of the Gulf of Finland in 1992. Meas-
urements were collected from the database of the
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Fig. 6. Time series of hori-
zontally averaged algal
biomass concentrations in
the surface layer of the Gulf
of Finland. Simulation re-
sults are compared with all
available measurements
made in the area in 1992
(measured value of bio-
mass o-mark and chloro-
phyll a +-mark).

Finnish Environment Institute. There were only
few measurements of the algal biomass, therefore
also chlorophyll-a measurements were plotted in
Fig. 6. The correlation between algal biomass (cA)
and chlorophyll-a (cchl) was calculated by the least
square method. All simultaneous biomass and
chlorophyll-a measurements from 1990 to 1995
were used. The best correlation (R2 = 0.80) was
found with the exponential function (eq. 4; both
are in mg m– 3).

cA = 149(cchl)1.211 (4)

The measurements display high variations because
the conditions around the various measurement
points vari. If these variations are markedly high,
there might be blooming in the vicinity. If the
variation is relatively low, we can assess the aver-
age algal biomass concentration from the meas-
urements.

The conglomeration of measurements (1 June–
15 October) and the simulated average algal
biomass match quite well. When comparing the
simulated average algal biomass concentrations
with measurements, one should keep in mind that
the major part of measurement points are located
in the coastal areas of Finland.

One example of the spatial distribution of the
algal biomass is presented in Fig 7. The highest con-
centrations of algae are found near the load sources
and in the coastal area. Upwelling can cause higher
algal biomasses in the middle of the Gulf.

The load from St. Petersburg to the Gulf of
Finland was kept constant during the simulation

period (1 March–11 December) and it was calcu-
lated from the annual load averages. The monthly
averages were used for riverine loads from the
Neva, the Narva and the Kymijoki. The loads of
other rivers, municipalities and industry were lo-
cated evenly along the coastal area. The airborne
loads were distributed all over the surface layer
and they were calculated by Syri (1996). The at-
mospheric load for nitrate was 1.089 mg m– 2 d–1

and for ammonium 0.770 mg m– 2 d–1.
The effect of the three largest rivers (Neva, Narva

and Kymijoki) on the Gulf of Finland was simu-
lated. The monthly averages of river flows were used.
The wind data used were obtained from the meas-
urement station of Hanko and the same winds were
used all over the Gulf of Finland. The flow fields
were calculated by Kokkila (Kokkila 1995).

The simulations were performed for three
years: 2020, 2050 and 2090. The effect of climate
change was described by changes in the tempera-
ture regime, river flows and the nutrient loads from
the drainage basin.

It was also assumed that the occurrence of
strong winds might increase in the future. Three
scenarios were used: strong winds (> 7 m s–1) were
assumed to increase by 0%, 15% or 30%. Point
loads and airborne loads were kept constant in all
simulations.

The main conclusions from our results (Fig. 8)
are the following. First, the average concentra-
tion of phytoplankton will increase only little,
because the most important limiting factor is the
biologically available nutrients. The loads of bio-
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Fig. 7. Simulated algal bio-
mass concentrations at the
water surface (0–1 m) in
the middle of September
1992.

logically available nutrients into the Gulf of Fin-
land will not change much as a consequence of
climatic changes, because more than 90% of them
originates from industry and municipalities.

Secondly, the average concentration of phyto-
plankton will be less than 10% higher during the
spring bloom in the year 2020. It is possible, that
in the year 2090 spring blooms will be about 20%
higher than nowadays. The spring blooms will also
appear earlier. In the scenarios of the years 2020
and 2050 the temporal changes are only a few
days, but in the year 2090 the spring bloom will
appear approximately two weeks earlier. Tempo-
ral and quantitative changes are caused by faster
growth rate of algae, which enable more effective
use of nutrients during the spring bloom.

The effect of wind was clear. In the simula-
tions, where the wind velocity distribution is as-
sumed unchanged, the spring bloom is about 10%
higher than in the cases where the velocity of wind
increases. Strong wind causes higher mixing in
surface waters, which decreases surface tempera-
ture and transfers algal biomass to deeper layers.

The climate change has it’s greatest effect in
the Neva estuary (Fig. 9). The spreading of nutri-
ent load from the Neva is smaller due to the ear-
lier spring bloom. Therefore, the effects are rela-
tively smaller in the eastern open sea.

Discussion

The nutrient transport calibration was made by
using the annual transport values due to the lack
of dynamical data in Estonia and Russia. In the
future, it will be possible to perform a dynamical
application of the catchment model if the obser-

vation practices of meteorological data and water
quality parameters are improved.

The effects on runoff are quite small at the an-
nual scale. The increasing evaporation eliminates
the effects of the increasing precipitation. The as-
sessed nutrient transport values naturally follow
closely the assessed runoff values. The variables that
can change nutrient concentrations in this model are
the runoff, soil frost and cover type.

The plant cover type in the catchment model
(Bilaletdin et al. 1996) is the most difficult factor
to be estimated for future calculations. Monthly
effects of climate change on nutrient transport are
slightly slower in the case of the Gulf of Finland
than in the inland catchments due to the large
catchment areas (Bilaletdin et al. 1996).

The effects of the climate change on the algal
biomass were rather low in all scenarios, because
the most important limiting factor was the nutri-
ents, not the temperature. The uncertainty of the
results of the model is linked with the inaccuracy
of nutrient availability from the drainage basin,
sediment and air.

The results of the temperature model show that
in some scenarios the mixed layer can be 1–1.5
meters deeper than nowadays. Therefore changes in
the vertically summed algal biomass (mg m– 2 ) can
be greater than the modelled changes in the algal
biomass concentrations (mg m– 3). This is not taken
into account in the algal model, where the thickness
of layer was 8 meters near the termocline.

Other studies (Kallio et al. 1996, Frisk and
Bilaletdin 1996 and Saura et al. 1996) of the effect
of climate change on lakes have been conducted
within the SILMU-programme (The Finnish Re-
search Programme on Climate Change). The con-
clusions of these studies were very similar. The
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Fig. 8. The effect of climate change on the algal biomass (surface layer average). Top row year 2020, middle
2050 and bottom 2090. Algal biomass is calculated with low, central and high estimate for climate change for
each year and compared with the current situation. On the left figures no changes are assumed on wind
velocities. Strong winds (> 7 m s–1) are assumed to grow 30% on the right ones.
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Fig. 9. The percentual ef-
fect of climate change on
average algal biomass
during 1 March–1 May.
Comparison is made be-
tween current and 2090
central, no wind increase
scenario.

changes in the algal biomass were most extensive
during spring bloom (timing and quantity). The
changes in the lakes were slightly more extensive
than in the Gulf of Finland, because the nutrient loads
change more in small catchment areas.

The algal model describes the phytoplankton
with only one simulation variable. This includes
the assumption that the same species will be domi-
nant in the future. If the distribution of the
phytoplankton species change dramatically, also
the parameters or even the structure of the model
should be different.

The algal model was tried to be kept simple,
which made it easier to calibrate. Simplifications
can be made, if all main processes are described
and they will not change in the future. However,
changes in the water temperature can cause sur-
prising effects in the foodweb.

The nutrient loads did not change much in
these scenarios, although in practice they can
change very much until 2020, 2050 or 2090. The
anthropogenic nutrient loads can change consid-
erably regardless of the climate change.
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App. 1. The variables of algal model.
—————————————————————————————————————————————————
Symbol Definition Unit Symbol Definition Unit
—————————————————————————————————————————————————
cNdet Nitrogen in detritus mg m– 3 LNH Ammonium load kg d–1

cNH Ammonium concentration mg m– 3 LNO Nitrate load kg d–1

cNO Nitrate concentration mg m– 3 LPdet Detritus phosphorus load kg d–1

cNA Nitrogen in algae cells mg m– 3 LPO Phosphate load kg d–1

cPdet Phosphorus in detritus mg m– 3 t Time d
cPO Phosphate concentration mg m– 3 h Depth of sell m
cPA Phosphorus in algae cells mg m– 3 I Total irradiance MJ m– 2d–1

cA Algae biomass mg m– 3 T Temperature of layer °C
LNdet Detritus nitrogen load kg d–1 Tc Reference temperature °C
—————————————————————————————————————————————————

Appendices
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App. 2. The parameters of algal model.
—————————————————————————————————————————————————
Symbol Definition Value Unit
—————————————————————————————————————————————————
β0 detritus nitrogen decay rate 0.018 d–1

νNdet settling of detritus nitrogen 4 cm d–1

β1 nitrification rate 0.15 d–1

DNO denitrification rate 4 cm d–1

apr preference coefficient 1 –
γ0 detritusphosporus decay rate 0.02 d–1

νPdet settling of detritus phosphorus 4 cm d–1

μmax maximal growth rate of algae 2.5 d–1

KP half-saturation coefficient of phosphorus uptake of algae 250 mg l–1

KN half-saturation coefficient of nitrogen uptake of algae 60 mg l–1

cPA

cA

⎛
⎝⎜

⎞
⎠⎟ min

minimum phosphorous ratio 0.003 gP gC–1

cPA

cA

⎛
⎝⎜

⎞
⎠⎟ max

maximum phosphorous ratio 0.044 gP gC–1

cNA

cA

⎛
⎝⎜

⎞
⎠⎟ min

minimum nitrogen ratio 0.05 gN gC–1

cNA

cA

⎛
⎝⎜

⎞
⎠⎟ max

maximum nitrogen ratio 0.335 gN gC–1

uPmax maximal uptake rate of P 0.243 gP gC–1 d–1

uNmax maximal uptake rate of N 0.04 gN gC–1d–1

MAmax maximal decay rate of algae 0.05 d–1

FL limit value for fast sedimentation 0.06 –
Sfa fast sedimentation acceleration 2.0 –
Iopt optimal radiation 10 MJ m– 2

—————————————————————————————————————————————————
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App. 3. Differential equations, rates and limiting factors.
—————————————————————————————————————————————————
Equations:

∂cNdet

∂t
= cNA MA – β0cNdet – νNdetcNdeth

–1 +LNdet (1)

∂cNH

∂t
= –β1cNH – uN FRNH – β0 cNdet +LNH (2)

∂cNO

∂t
= β1cNH – uN FRNO – cNO DNO h –1+LNO (3)

∂cPdet

∂t
= cPA MA – γ 0 cPdet – νPdet cPdet h

–1+LPdet (4)

∂cPO

∂t
= –uP + γ 0 cPdet +LPO (5)

∂cNA

∂t
= uN + cNA MA (6)

∂cPA

∂t
= uP + cPA MA (7)

∂cA

∂t
= μA – MA( )CA (8)

Rates:
mA = mmaxfs (cA, cNA, cPA) fI(I)fT(T) (9)

MA = MAmax(fT(T) + SfaLIM) (10)

LIM = 0, when fS(cA, cNA, cPA) > FL (11)

LIM = 1, when fS(cA, cNA, cPA) ≤ FL (12)

FRNH =
cNH apr

cNH apr +cNO
(14)

u
u c c

K c c
c

c
c

c
c

c
c

c
c

N
N NH NO

N NH NO
A

NA

A

NA

A

NA

A

NA

NA

=
( ) ( )

( ) ( ) ×
+( )

+ +
×max

max min

max
–

– (15)

u
u c
K c

c
c
c

c
c

c
c

c
c

P
P PO

P PO
A

PA

A

PA

A

PA

A

PA

A

=
( ) ( )

( ) ( ) ×
+

×max

max min

max
–

– (16)

Limiting factors:

f c c c
c
c

c
c

c
c

c
c

c
c

c
c

c
c

c
c

s A NA PA

PA

A

PA

A

PA

A

PA

A

NA

A

NA

A

NA

A

NA

A

, ,
–

–

–

–
min

max min

min

max min

( ) = ( ) ( )
( ) ( ) ×

( ) ( )
( ) ( ) (17)

f T f Ts
T

T

s

T ln dT( ) = ( ) ⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥

∫exp θ (18)

θ  = a + bT (19)

f(I) = 1, when I ≥ Iopt (20)

f(I) = I/Iopt  ,when I < Iopt (21)
—————————————————————————————————————————————————
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App. 4. Constants for temperature correction function q  = a + bT.
—————————————————————————————————————————————————
symbol definition a (–) b (°C–1)
—————————————————————————————————————————————————
μmax: maximal growth rate of algae 1.257 – 0.011
MAmax: maximal decay rate of algae 1.020 – 0.001
—————————————————————————————————————————————————
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