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Abstract. In the context of the European Water Framework 1  Introduction
Directive, we studied the possible impact of reduced emis-
sions on phosphorus and nitrogen concentrations in a lowin many river basins, eutrophication is one of the major wa-
land river-lake system (Havel River, Germany). As a pre-ter quality problems. In search of adequate management
requisite, we quantified the retention of nutrients in the riveroptions, eco-hydrological catchment models are frequently
from mass balances and deduced its seasonal variation. Wésed for quantifying the impact of reduced nutrient emissions
detected that about 30% of the total nitrogen input is retainedrom point and non-point sources (eSrhreiber et a) 2005
within the surveyed river section. In contrast, phosphorus reKronvang et al.1999. The representation of individual wa-
lease from sediments was shown to cause a considerable iter bodies in these catchment studies is mostly poor. How-
crease in present P concentrations. Average net phosphoreéser, the focus of the European Water Framework Directive
release rates of about 20 mg P Ad~1 in late summer were  (EU-WFD) is just on the ecological status of individual lakes
estimated for the Havel Lakes. Based on the observed pai@and river sections. In order to overcome this discrepancy,
terns of N retention and P release we parametrized a newlgatchment models need to be linked to water quality models
developed water quality simulation program (TRAM), which of adequate spatial and temporal resolution and appropriate
allows alternative model approaches of different complexity complexity (e.gVan Griensven and Bauwerz003.
to be implemented and tested. To account for the future trend Special problems arise in case of regulated lowland rivers
of internal P loading, the phosphorus excess in lake sedior river-lake systems. Often, the adequate representation of
ments was estimated from core samples and included in théhe hydrological system is a challenge on its own. Further-
model as a state variable. For analyzing scenarios of reduceghore, the impact of elevated nutrient loading is more serious
nutrient emissisions, the water quality simulation programin lakes and slowly flowing rivers. Due to the prolonged resi-
was linked to mesoscale hydrological catchment models fordence time of the water, primary production in the pelagic be-
the first time. From scenario simulations we conclude thatcomes important and the dynamics of nutrient concentrations
internal P loading is likely to counteract efforts of emission are largely controlled by biological turnover. Also, sediment-
control for decades. Even by significant reductions in ex-water interactions often gain in importance.
ternal P loads, a persistent phosphorus limitation of primary The work presented here is part of a research project
production can hardly be established in the analyzed timevhich aimed at assessing different options for improving the
frame of 13 years. Though in the short run a continued re-trophic state of the Lower Havel River. For that, we cou-
duction in nitrogen loads appears to be the more promisingpled the two catchment models SWINKrysanova et a.
approach of eutrophication management, we recommend er2000 and ArcEGMO-UrbanBiegel et al, 2005 to a newly
hanced efforts to diminish both N and P emissions. developed open-structure water quality simulation program
TRAM. The formulation and parametrization of the water
quality model was supported by limnological field research.
We present selected results of our research in the following

steps:
First of all, we examine the retention of nutrients in the
Correspondence td). Kneis Lower Havel River with a high temporal resolution. While
(dkneis@uni-potsdam.de) phosphorus dynamics were already studiedHnffmann
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Fig. 2. Concentrations of dissolved phosphorus (SRP), dissolved in-
organic nitrogen (DIN), and chlorophyll-a in the time period 1991—
2004. Pooled data from 5 monitoring stations along the Potsdamer
Havel.

Fig. 1. The Havel River downstream of the city Berlin with its major

inflows (in bold). Labels for lakes and monitoring stations are used

throughout the text for reference purposes. (Rohde 1995. Today, after partial reduction of external P

loads, the excess phosphorus of the sediments is slowly re-
leased. The resulting delay in the recovery of water quality is

(1999 and Schettler(1999 for a limited number of years acommon phenomenodgppesen et all991, Kozerski and

and selected sites, no specific study on nitrogen retention ha§leeberg 1998 Sgndergaard et aR003.

been available so far. The results give us an insight to which

extent present nutrient concentrations of the Havel River are3 Methods

controlled by internal processes. We also describe how infor-

mation ona key variable_ — the sediment phosphorus excess g Quantification of nutrient retention

was derived from sampling data.

We then give an outline of the water quality simulation To assess the retention of total phosphorus (TP) and total ni-
tool TRAM. After introducing the general philosophy of the rogen (TN) the results of water quality monitoring in the
program, we present the approaches that were used to agme period 1991-2004 were evaluated. Data were provided
count for nutrient retention and release in its application topy the water authorities of Berlin and Brandenburg for 20
the Havel River. monitoring stations along the Lower Havel River (FIp.

Finally, we present the results of scenario simulations withThe typical sampling interval is two weeks.
moderately reduced external loads of N and P, which were The seasonal dynamics of phosphorus retention was ob-
conducted by coupling TRAM with mesoscale catchmenttained from mass balances for the five largest lakes. Reten-
models. After discussing limits of the model concept, thetjon ratesrtp were calculated according to EdL)(by re-
results of data analysis and modeling are summarized in thﬂating the observed phosphorus loads (d)sat lake outlet
light of water quality management for the Lower Havel River. (CTPoutobs - Q) to simulated valuesdrp outsim - Q). The
latter can be obtained from observed P loads in the lake’s
inflow (Ctpinobs- Q) if the lake is assumed to be a conser-
vative stirred tank reactor (STR). The symig@ldenotes the
The Lower Havel River downstream of Berlin (Fig) is  flow rate (n? s™*) andV (m®) is the lake volume. The differ-
characterized by a number of large, interconnected shallov#nce between observed and simulated ]oads was then d|.V|ded
lakes (mean depth about 3.5 m) . Due to natural topographyY the lake’s surface aref(m?) and the time and mass units
and river regulation the slope of the water surface is very low'Vere converted to yield values afp in (mg P m—z d__l?- The
(0.006%. at MQ). Even in river sections, flow velocities are Underlying assumption of complete mixing is justified by the
very small and discharge can only be measure reliably by uifact that the lakes are shallow and polymictic. Except for
trasonic gages. The specific discharge of 4.6 lm~2 at phas_es of calm weather in summer, stratification is prevented
gauge Ketzin (label Hv0195 in Fid) is low compared to by wind.
other German river basins. 864.10° 0

The Lower Havel River is currently classified as poly- rip= ——=
trophic. Although external nutrient loading decreased in the
1990s, the concentrations of phosphorus and nitrogen are still Negative values oftp indicate P retention whereas in
elevated (Fig2). In case of phosphorus, this is not only due times of net phosphorus releasg becomes greater than
to ongoing emissions from point and non-point sources butzero. Phosphorus retention in river and channel sections was
also due to internal loading. A large phosphorus pool haseglected in this study, because the sediment surface area
accumulated in the lakes’ sediment over the past decadeis small and residence time is short compared to that of the

2 Study site

X (C1P outobs — CTP outsim) 1)
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lakes. Also, we know from on site inspection that P enrichedmore realistic results are obtained by relating the P export to
organic sediments rarely exist in the river and channel secthe size of the P excess (Sett3).
tions. The determination of the phosphorus excess in the sedi-
According toJensen et a[1992h and Seitzinger(1988 ment is a crucial step. Acommon method is to define a back-
nitrogen losses are mainly caused by two processes: denitrground concentration of phosphorus and to use the difference
fication and sedimentation. Both, nitrate reductiGmndpra between the actual TP concentration and the background as
1997 and settling of particulate NScheffer 1999 can be  an estimate of the P excesSas(1989 deduced from the
described by first order kinetics. That is, the concentrations’analysis of several lake restoration programs a background
rate of change depends linearily on the respective concenvalue of 1.0 mg P (g DW)!. However, the transferability of
trations. Sincelensen et a(1992h found denitrification in  this threshold value from one lake to another must be ques-
lakes to be closer related to the concentration of TN rathetioned as the P binding capacity of the sediment dry matter
than to NG, a lumped first order term was tested for the necessarily depends on its composition, e.g. the contents of

description of total nitrogen retention (E2). Fe, Al, Ca, or organic matter. In fattiirnberg(1988 and
Jc Hupfer (1995 compared a number of lakes with different
N e % O 2) sediment TP and found only a slight or no significant relation
dt with P release. Alsdensen et a[19923 concluded from a

comparative study on shallow Danish lakes that the total P
in Fig. 1 were deduced from Eq3). concentration is nc_)t an appropriate measure of the phospho-
rus release potential. Instead, they suggested that P release

864000 " (CTNoutobs — CTN outsim) 3) rates are related to the Fe:P ratio in the upper sediment (0-5
v CTNoutsim cm). However, the use of Fe:P ratios for estimating the total

) P excess of the sediment (including the anaerobic zone) is
In analogy to EqQ.1), CTnoutobs is the observed concentra- - yopiful, as the high P sorption capacity of iron is bound to
tion (mg ) at the lake outlet an@n outsim is the corre- aerobic conditionsRant and Reddy2001).
sponding concentration that can be calculated from the TN Although the total phosphorus concentration in the sedi-

load in the inflow if the lake is treated as a conservative j,ant was found to be unrelated to P release when comparing
stirred tank. _ , o different lakes, we think that the amount of TP above some
For river reaches between neighboring monitoring Stat'onsoackground level is suitable for quantifying the P excess in

we estimatedcty from the ratio of TN concentrations at a specific sediment sample (eljeeberg 1995 Hupfer and
these stations and the corresponding mean travel time of thEewandowski 2005.

waterT,, (d). The calculation is based on Ed) (vhich can
easily be derived by integrating E®)(

Estimates of the loss ratey (d~1) for all major lakes shown

TN

Consequently, we analyzed sediment cores (0—-30 cm
depth) at 8 locations of the lakes B—F (F1g. The core sam-

CTN, upstream ples were taken using an UWITEC corer with 6 cm diameter.
( ' rr) (4) The total concentration of phosphorus in core slices of 2 cm

(0—10cm depth) and 4 cm (depthl0cm) was determined

For calculating average values afyn for each month, after digestion with 96% kSOs at 450C in presence of
monthly median values of the concentration ratio were usedH20,. The phosphate was determined photometrically after
to account for outliers in the TN data. The correspondingadjusting the pH to 3—4 (molybdate method, 880 nm). Addi-
mean travel time<,, were determined by simulating the tionally measured parameters include the dry weight, organic
propagation of tracer pulses under steady flow conditiongmatter content (ignition loss after 2 h at 580, total Fe
(i.e. M Omontr). Virtual tracer experiments were carried out and dissolved P in pore water. The pore water was obtained
with the program described in Se8t3. In order to quantify  using mini-probes for direct suction sampling (2 mm in di-
the retention of nitrogen in the entire network shown in Big. ameter, 50 mm length). The sampled water was acidified at
we transferedy values from neighboring reaches to those pH 2 immediately after extraction to prevent co-precipitation
not covered by monitoring stations. of phosphate and iron.

k ! In
= — X
™=

m CTN,downstrea

3.2 Sediment analysis 3.3 Outline of the water quality simulation tool TRAM

A reasonable prediction of water quality for the Havel River 3.3.1 Representation of the river network

requires the future trend of phosphorus release from the

lakes’ sediments to be estimated. Doing so, it is a commorin the simulation tool TRAM, the natural river system is rep-
practice to determine the P excess of the sediment at first. Inesented as network of interlinked reactors. Two different
a second step, the expected decline in the P excess over tintgpes of reactors are currently available: stirred tanks (STR)
is computed using observed rates of net phosphorus exporéind plug-flow reactors (PFR). Both concepts are commonly
Whereas a constant export is assumed in simple estimationsised in water quality modeling (e.Ghapral1997 Reichert

www.hydrol-earth-syst-sci.net/10/575/2006/ Hydrol. Earth Syst. Sci., 10,5862006
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1998. The fundamental property of a STR is complete mix- 3.3.3 Components and reactions

ing of the contained water. Thus, any transport of dissolved

or suspended components through a STR is due to dispersivit the current state of development the number of com-
processes only. The stirred tank concept allows a reasonablgonents which’s fate can be modeled simultaneously with
approximation of matter transport in the shallow, polymictic TRAM is virtually not limited. Also, there are hardly any
lakes of the Lower Havel River. In contrast, the only trans- restrictions with respect to the number and kind of consid-
port mechanism in plug-flow reactors is advection. Any mat-ered reactions. This flexibility is enabled by the fact that
ter that enters a PFR at its upstream end is released at ithe declaration of components as well as the description of
downstream boundary with a time lag depending on flow ve-their kinetics and stoichiometry is not a static part of the
locity. The PFR concept is used for representing river andsource code. Instead, the user provides an ordinary differ-
channel sections where advective transport is dominant. Obential equation (ODE) for each process and each component
viously both concepts, STR and PFR, are limited in that onlyto be simulated. Each of the ODE describes the influence
a single transport mechanism is considered. However, byf the process on the derivative of a component’s concentra-
connecting both types of reactors, advective-dispersive trangion with respect to time. In contrast to other modeling tools
port can be approximated. (e.g.Reichert 1998, the system of ODE is written to a plain
The application of the reactor concept to a natural river.textflle using a simple markup language. Thg ODE system
network requires its subdivision into a number of PFR and'® then parsed by a preprocessor anq automatically trapslated
STR. Special considerations are necessary when discretizi gto sevgral FORTRAN 95“source. files. Aft?r' rgcompﬂmg
river or channel sections: Firstly, the geometry of a PFR is RAM with the generated “dynamic sources” it is prepared

described by a single average cross-section. Therefore, “I_or the sp_ecmc water quality problem at hand. )
regularities in river morphology require a subdivision into Four different types of variables can be reference in an

several PFR. Secondly, the current version of TRAM expectsODE tc_) describe a component's klnet!gs: component con-
the slope of the water surface within a plug-flow reactor to centrgnon;, constants, boundary co_ndltlon variables and hy-
be negligible, since it was designed for lowland rivers. In thedraullc variables. Whereas the user is free to declare as many

application to the Lower Havel River, a reasonable length ofconstants (i.e. decay rates) and boundary condition variables

PER is several hundred meters to about 1 km. as water SUI(e.g. time series of external loads) as needed, the set of avail-

face slopes do not exceed a few cm/km due to topograph)?ble hydraluhc varlzblﬁs is r?actor depe?dent. It mglud;s the
and continuous impoundment. The system shown in Fig. reactor volume and the surface area of water and sediment

was subdivided into a number of 67 PER and 21 STR. in case of STR and wet perimeter, top width, hydraulic depth
) ) and flow velocity in case of PFR. Components are further dis-

The routing of matter through a system of interconnectedinguished into mobile (those transported with the flow) and
PFR and STR requires information on the network hierarchy.immobile ones (sediment concentrations). While immobile
Stream orders which constantly increase in the direction of;omponents can already be simulated in STR the implemen-
flow must be assigned to all reactors to reflect the upstreamation for plug-flow reactors is still incomplete.
downstream relations. As stream order computation is not The actual ODE system we used to account for the reten-
straightforward for a large, looped network, a GIS utility was o of P and N in the Havel River is given in Sedt3 as
designed therefor. A bundle of additional GIS utilities han- ; ,yust not be seen independent from the results of sediment
dles the preprocessing of cross-section data for PFR as Weﬁnalysis (Sect4.2). It is presented in form of the "process

as the derivation of storage curves for stirred tank reactorsyairix” as suggested bReichert(1998 andReichert et al.
from bathymetry data. (2001).

3.3.2  Hydrodynamics 3.3.4 Computation algorithm

In contrast to many spatial simulation models the presented
For solving the mass balance equation of a STR and for deprogram does not update the simulated variables after each
termining travel times in PFR, hydrographs of inflow and time step in the entire model domain. Instead, transport and
stage need to be known for all reactors. Because the simreactions in a single reactor are always simulated over the
ulation of hydrodynamics is not included in the TRAM pro- full time period. After the hydrographs of output load for all
gram, an external software must be used. In the presentedhobile components from a reactor have been computed, the
study, we chose the unsteady 1D hydrodynamic model HECalgorithm proceeds with another reactor of equal or higher
RAS (USACE, 2002. It proved to be particularly suitable stream order. Within a complete model run, the computa-
for it handles looped river networks and supports the importtion advances from the most upstream reactor(s) of the river
of geometric data via GIS. The RAS data base for the systermetwork to the downstream model boundary. The obvious
shown in Fig.1 includes about 1100 cross-sections and 27drawback of this time and memory efficient algorithm is that
junctions. Tributaries were represented as lateral inflows. flow reversal cannot be handled.

Hydrol. Earth Syst. Sci., 10, 57588 2006 www.hydrol-earth-syst-sci.net/10/575/2006/
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Hydrodynamic model

¢— Stage at downstream
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HEC-RAS 3.1.1 model boundary
'§ : SRR Inflow from Spree d¢1 _L1-C1xQ —~ dCup
8 { Flow and stage hydrographs P == v Z %)
Si i catchment dt Vv — di
8 \5/ for all reactors p=
5 Quality model Nutrient load from
qéa A Spree catchment s
% Nutrien_t loads from point & dCm Lm—Cmx Q0 N 2”: de,p (6)
'gi non-point sources T v Z ar

Catchment models
(SWIM, ArcEGMO-Urban)

¢&— Catchment data

Two alternative integrators are implemented in TRAM:
_ _ ) _ A variable step size 5th-order Runge-Kutta scheme and a
Fig. 3. Interaction between the water quality model with the hy- Rosenbrock algorithm for coping with stiff ODE systems.

drodynamic and catchment model(s). Dotted arrows indicate theBoth solvers were adapted froRress et ak2002
exchange of boundary conditions while solid arrows mark external '

input data.

3.4 Integration of water quality and catchment models

In addition to flow hydrographs, time series of river loads
for all simulated components must be known at the upstream
boundaries of the TRAM model domain. For simulation

60 | OTempliner See Nord (C)
ETempliner See Sued (D)
B Schwielowsee (E)

Jul

corresponding P and N loads resulting from non-point emis-
sions. In contrast, the Urban module of ArcEGMO simulates

Fig. 4. Monthly medians of net phosphorus export (positive) and N @nd P inputs from point sources. Discharge and nutrient

retention (negative) for 4 large lakes of the Lower Havel River over l0ads of the tributary Spree were approximated based on ob-
the period 19952000 (see Figfor the lakes’ locations). The 95% Served flow and concentration data also for scenario simula-

confidence interval is indicated by dotted lines. tions. The interaction between TRAM and the applied catch-
ment models is illustrated in Fig.

o %91 awerdersche Havel () of present conditions (model validation) data were available
"t 204 ; from the water authorities. However, in case of the scenario
o - analyses presented in Sedt5 simulated boundary condi-
g ol - tions had to be used. TP and TN loads as well as discharges
a that enter the system shown in Figwere calculated by a
T 20 ‘ catchment modeling work group using the models SWIM
: (Krysanova et a)2000 and ArcEGMO-UrbanBiegel et al,
-40 : 2005. SWIM computes the discharge of tributaries and the
©
>

Apr
May
Jun
Aug
Sep
Oct
Nov
Dec

For generating output load hydrographs of a reactor, thes Results
change of the components’ concentrations over time needs
to be monitored. In case of STR which are characterized by.1 Observed patterns of phosphorus and nitrogen retention
spatial homogeneity this is equal to continuously solving the
reactor's mass balance equation. In case of PFR, the prothe seasonal dynamics of the phosphorus retention rate as
gram must keep track of the change in concentrations in sepit was calculated using Eql) is shown in Fig.4. A phe-
arate control volumes as they travel downstream through th@omenon observed in all investigated lakes is a period of sed-
reactor. Anyway, numerical integration of the (usually cou- iment phosphorus release from July—November with maxi-
pled) system of ODE which is essentially described by themum rates in late summer. Actually, the term “net release”
process matrix and the transport terms is necessary. The syshould be used asp integrates three major processes: The

tem’s general structure is shown in Eg5-§) with n being
the number of involved processes andbeing the number

settling of particulate organic P, the release of mineralized P
from freshly settled degradable organic matter, and the re-

of components. Note that the transport term which includedease of excess P which has accumulated in the past period

the input loadL (g s 1), the inflow rateQ (m® s~ 1), and

of higher external loading. In winter and springp is near

the reactor volumé& (md) is evaluated for STR and mobile zero, which — as settling of organic P is low — shows that
components only. The sum term, which corresponds to ong@hosphorus release is negligible. Slightly negative values

column of the process matrix (see TalBlédor an example)
integrates the effect of all transformational processes.

www.hydrol-earth-syst-sci.net/10/575/2006/

occur in some lakes in spring, indicating that not all of the
settling P is instantaneously recycled during this season. We
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Fig. 5. Estimates of the rate constanty (d~1) used for approxi- o ."5_ A o C*
mating the retention of total nitrogen by a first order kinetics. The 30 | : =D
values were identified in the time period 1995-2000. Refer tolFig. + -l‘ ‘c')'E
for labels. :
150 Fig. 7. Vertical profiles of total phosphorus in the upper sediment
= of the sampled Havel Lakes B—F (see Hijj.Profile C* refers to an
2 100 | isolated bay of lake C. The dashed line marks the base concentration
g 5 of 1.5 mg P (g DWY! which is used in the estimation of the P
(o] EXCesSs.
O ,
E’ 20 | river-lake cascade. Maximum values of about 0.0% ihdi-
> 10 - W cate that up to 4% of total nitrogen may be eliminated in one
o day. The seasonality of nitrogen losses and its effect on the
0.0 - S concentration of dissolved inorganic nitrogen (DIN) at suc-
= B HV0130 cessive monitoring stations is partially reflected by Big.
E 0.4 1 5238128 2 i Figure5 shows conspicuous differences in magnitude and
& 0.2 D70 v seasonality of TN retention between water bodies in terms of
2 Il Iﬂ] ktn. A satisfying explanation of the observed patterns would

Jan

Fig. 6. Average seasonality in the concentrations of dissolved phos

Mar May Jul

Sep

require more detailed investigations that do not focus on total
nitrogen alone. However, some first hypothesis are given in
Sect.5.1 The absolute values of TN retention in the shallow

phorus (SRP), dissolved inorganic nitrogen (DIN), and chlorophyll- 1akes (Tablel) are comparable to those reported from a study
a at five successive monitoring stations along the Potsdamer Havén Denmark Windolf et al, 1996).

(monthly medians of the time period 1996—2002). See Figr the

locations.

4.2 Results of sediment analysis

Figure 7 presents sediment profiles of total phosphorus that

found analogous seasonal patterns also for a river-lake syswere constructed from core samples of the Potsdamer Havel
tem in the nearby Nieplitz catchment. Comparable patterng akes. Very high concentrations of TP were found in the
and magnitudes of net phosphorus release are reported frogediments of lake B and C. This was expected, as these lakes

Danish lakes$gndergaard et aR002). As Fig.4 illustrates,

are nearest to the main sources of phosphorus pollution, the

r1p is greater than zero when averaged over the whole yeamouth of the Teltowkanal and the Spree River which receive
This fact clearly indicates that the lakes currently undergo areated sewage from the Berlin metropolitan area. While the
phase of recovery by sediment P loss.

The released phosphorus accumulates in the direction afnent depth, no convergence to a base value was found within

TP concentration shows some decline with increasing sedi-

flow. While the average TP concentration (July—October) inthe sampled layer of 30 cm thickness. A different picture
lake C is 0.42 mg1! it increases to 0.55 mgt in lake shows up in the lakes D, E, and F, which are located further
F. This is also reflected by the concentrations of dissolveddownstream along the Potsdamer Havel. While increased P
phosphorus (SRP) as can be seen in €ig. levels were identified in the upper part of the profile, the con-
Since we did not differentiate the processes involved incentration seems to approach a threshold level with increas-
total nitrogen loss (Sec8.1), the determined values of the ing sediment depth. From the small number of data, we prag-
retention parametekry integrate both, denitrification and matically estimated a threshold level of 1.5 mg P (g DW)
N sedimentation. As Figb illustrates, nitrogen retention is (dashed line in Fig7). Relating this TP content to measured
low in winter with kty in the range 0-0.02¢d. In summer  concentrations of total iron yields an atomic Fe:P ratio of 13—
N losses range from 0.005-0.03'din most sections of the 17 at the sediment surface. This ratio should be high enough

Hydrol. Earth Syst. Sci., 10, 57588 2006 www.hydrol-earth-syst-sci.net/10/575/2006/
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Table 1. Monthly median values of TN retention (mgth d—1) for lakes of the Potsdamer Havel calculated from mass balances for the
years 1996-2002. See Fibfor lake labels C-F.

Lake Jan Feb March April May June July Aug Sep Oct Nov Dec
C 107 141 322 330 230 227 224 181 184 140 168 124
D 43 124 71 -15 36 42 133 44 27 46 16 -13
E 42 100 161 137 67 35 27 20 51 75 67 44
F 48 57 97 148 80 72 37 71 -8 90 66 20

Table 2. Calculated phosphorus excess PX in the top 30 cm of 1.2 — P release considered

sediment of the Havel Lakes B-C (seely. | ----- Conservative model ~ °

104 o Observations @

Lake B C D E F

PX (g P nT2) 234 178 84 55 21

TP (mg/l)

to reduce the phosphorus release potential noticeably accord
ing toJensen et a[19923.

The sediment phosphorus excess PX was calculated fol
each core and each layer as the difference between the ac
tual TP concentration and the estimated base level of 1.5
mg P (g DW) L. The surplus phosphorus of all layers was Fig. 8. Observed and simulated TP concentration of the Havel River
summed for each core and data were averaged where multiy \onitoring station Hv0195 downstream of the Havel Lakes.
ple samples from a single lake were available. The obtained
values of PX (g P m?) are summarized in Tab® The value
for lake B was also applied to lake A where no core samplesmodel is subject to a number of fundamental assumptions.
were taken so far. First of all it is supposed that, in the present phase of sedi-

As Fig. 7 reveals, the assessment of the total phosphorugnent recovery, no permanent accumulation of settling phos-
excess in the highly contaminated lakes B and C would rephorus takes place. That is, all fresh organic phosphorus
quire core samples of more than 30 cm length to be analyzedwhich is transfered to the sediment is assumed to undergo
However, for the desired short term predictions the insuffi-fast recycling. Though a 100% recycling rate is somewhat
cient sampling depth is a less severe problem. If we relateunlikely to occur in nature, there are indications that a large
the observed average annual phosphorus export rate of lake gart of settled organic P is mineralized within short times.
(4g P nr?al, years 1996-2004) to the estimated P excessHupfer and Gchter(1995 found that 70% of settled P is
of the upper sediment (see TaR)ethe expected depletion in lost from the sediment of the stratified Lake Sempach during
PX is only about 11% after 5 years and 20% after 10 yearsearly diagenesis. For the deep Lake Arenddegfer and
The same changes would apply to the rate of P release if aewandowski(2005 estimated that about 60% of settled P
linear dependence on the sedimentory P excess is assumed.recycled within two weeks and a fraction of only 10% was
For the time being, we accept this uncertainty but an analyfound to be subject to long term storage. In the polymictic
sis of deeper sediment layers is absolutely necessary if longlavel Lakes an efficient recycling of organic matter is likely
term predictions are to be made. due to the aerobic conditions. The advantage of this assump-

tion is obvious: Since settling of organic P and mineraliza-
4.3 Representation of P release and N retention in the watelion equate to zero, we can neglect the distinction between
guality model the observed net P release rate of the sediment and the gross
release rate, which is due to the decay of the sedimentary P
Based on Sec#.1and4.2we now derive the equations that excess PX. Thus, we can directly use (Sect.4.1) to cal-
were used by TRAM to account for the retention and releaseculate the change in PX.
of nutrients in the Lower Havel River. In case of nitrogen  Secondly, we consider the decay of the sediment phospho-
retention we simply keep to the concept of a first order lossrus excess as a first order process, i.e. the rate of P release is
process as described in SeBtl. Thus the empirically de- presumed to decrease proportional to the decline in PX. This
termined constarkty is the only model parameter affecting implies that the release rate is independent from the concen-
the TN concentration. In contrast, the phosphorus part of theration of dissolved phosphorus in the overlying water. We

01/95 01/97 01/99 01/01 01/03
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Table 3. Process matrix for the simulation of TP and TN concentra- Table 4. Errors in simulated TP and TN concentrations at monitor-
tions in a STR. The differential equation which describes the changeng station Hv0195 (see Fid) in the time period 1995-2004. The
in the concentration of a component (columns headers) due to aetention parametersp andkty were estimated in the years 1995—
single process (row headers) is obtained by multiplying the corre-2000. ME: mean error (mg i), MAPE: mean absolute percental
sponding process rate (rightmost column) with the stoichiometryerror (%), NSI: Nash/Sutcliffe index (-).

coefficient (matrix element in the relevant column and row). See

Reichert et al(2001) for an introduction to the matrix notation. Variable 95-96 97-98 99-00 01-02 03-04
TP ME 0.00 -0.02 -0.08 0.00 0.05

Tli3 P>_(2 T'E3 MAPE 28.0 21.0 22.0 27.0 29.0

Process | (gm™°) (gm=) (gm°) | Processrate NS 063 081 075 083 070
A IR BT A - s N T
N retention 0 0 -1 Eq. : - . . -
a-© NSI 002 005 029 045 067

emphasize that this assumption is bound to a phosphate CON 4 Model test

centration in the sediment pore water which is much higher

than the pelagic SRP concentration. Only then the diffusiveggfore running any scenario simulations, we tested the

flux rate is insensitive to changes in the pelagic SRP. model's performance in the time period 1995-2004 (Big.
Finally, we assume that the seasonal pattern of P releas¢yp)e 4). The parametersrp and ktn were estimated in

remains unchanged while the absolute P release rate decling$gs_2000 as described in Se&tl with some further cal-

as PX becomes smaller. The rationale behind this is that mingyration in case of N. The sediment phosphorus excess in

eralization activity — and thus P release from redox-sensitive; 995 \was counted back using information on the present

and organic binding forms — are basically bound to the seayg|es (Table2) and the observed P export in the past.

sonal cycle of temperature. o Thus, 1995-2000 should be regarded as the calibration pe-
‘Due to the above mentioned simplifications, we come Upriod while the years 2001-2004 can be referred to as the val-
with the simple 32 process matrix shown in Tab8 It in- idation period.

cludes two processes (P release, N retention) and three com- gy, comparing simulated concentrations of TP and TN
ponents: TP, TN and the sediment phosphorus excess PXq observation data we could demonstrate the usefulness of
Note that P release is considered for reactors of type STRne followed transport calculation approach. By looking at
only as it was found to be much less relevant in river sec-gimylated concentrations in winter, when N retention and

tions. P release are less significant, we could also verify that the
TP, init system’s most relevant boundary conditions have been ac-
Cpx X f x @) . . . )
Cpx.init counted for. Finally, by comparing the results to a simula
ktn X CTN (8)  tion with nutrient retention/remobilization being neglected

(conservative model run) we could demonstrate how much
In the process rate of P release (E}jthe symbolCpyx de-  the transfer of nutrients to downstream reaches is affected by
notes the current phosphorus excess in the considered setisrnover in the studied river section.
iment layer (g P m?) and Cpx.init represents the phospho- ~ Summer phosphorus concentrations predicted by the con-
rus excess at the beginning of the simulation peria.init servative model (dashed graph in FR).deviate from the
(g P nt2 s71) is the phosphorus release rate correspondingsimulation results with consideration of P release (solid line)
to Cpx.init at the time of the year when releases is highest.by a factor of 2-3. We can conclude that current P concen-
The dimensionless scaling factpraccounts for the observed trations are increased by this factor compared to a situation
seasonal pattern of P release. Whjlds zero in spring it  where net P release is zero. This clearly has a negative im-
approaches unity in late September when maximum releaspact on downstream waters including several other lakes that
rates occur. Furthermore, in Table 8,(m?) is the surface  suffer from eutrophication. It should be noted that the P con-
area of the sediment anid (m3) is the volume of water in  centrations predicted by the conservative model correspond
the STR. In the process rate of N retention (ByCtn is to a sediment P excess which has dropped to zero, provided
the total nitrogen concentration akel is the first order rate  that all settling P is instantaneously mineralized. In case of
constantintroduced in Se@.1 Note that the transportterms incomplete recycling of settled organic matter, the expected
which account for changes in the concentrations of TP and® concentrations would be even lower.
TN due to the reactor’s inflow and outflow are not included The variation of the simulation error from year to year
in the process rates (Edgsand8). These terms are appended (Fig. 8) indicates that the phosphorus release from lake sedi-
by the simulation program automatically in case of mobile ments is actually quite variable. We will discuss this interan-
components. nual variability ofrrp in Sect.5.1

Hydrol. Earth Syst. Sci., 10, 57588 2006 www.hydrol-earth-syst-sci.net/10/575/2006/



D. Kneis et al.: Analysis and simulation of nutrient retention and management for a lowland river-lake system 583

60 1 Calculated from observation data Table 5. Assumed reduction of TP emissions from the Spree catch-
. —Conservative model run ment Espred and all other subcatchmen®Bdhe,) and its effect on
& 504 —Calibrated model the modeled average TP concentration of the Havel Riygy,e| at
] monitoring station Hv0200 (see Fidj). The initial values for the
LZD 40 1 base scenario PO are averages over 13 years.
'_
- 30
% Scenario Espree Eother ETotal CHavel
2 20 PO 6.2g/s 4.2 9ls 10.4 g/s 0.23 mgl/l
3
© 10 AESpree AEother AETotal ACHavel
P1 0.0% —13.0% —5.2% —-3.7%
0 ‘ w ‘ w ‘ w ‘ w ‘ P2 —50.0% —-13.0% —35.2% —25.4%

01/95 01/97 01/99 01/01 01/03

Fig. 9. Cumulated load of total nitrogen (kilotons) at the down- o ) _
stream end of the river network (monitoring station Hv0200 in Spree catchment — which includes the Berlin metropolitan

Fig. 1) as computed from observed data and model simulations. area — is reduced by approximately 50% to reach an aver-
age concentration of about 8@ |~1. This target concentra-
tion was proposed by a wastewater management glangt

A simple way to figure out total nitrogen retention quan- 2001). The base scenario with unchanged P emissions was
titatively is to compare cumulated N loads calculated by thecalled “P0”. All simulations were carried out for a period of
model with and without consideration of N loss. From Fg. 13 years with initial conditions corresponding to 2003. This
it can be deduced that about 30% of the total nitrogen whichperiod was chosen in order to account for climate variabil-
is discharged into the studied river section via its tributariesity and to allow the potential situation in the year 2015 to be
is retained. This results in a significant reduction of N exportassessed, which is a milestone in the implementation of the
to downstream waters. Compared to estimated in-stream nEU-WFD. Meteorological boundary conditions for the catch-

trogen retention in a Danish lowland rivé8endsen et gl. ment models were taken from the time period 1988-2000.

1999 nitrogen losses in the Havel River are remarkably high.  The effects of the pollution control measures are presented

Since denitrification is most effective at the sediment-waterin Table5. As indicated by the average emissions {g)dor

interface Geitzinger 1988, this might be explained to a sub- the base scenario PO, the Spree catchment alone contributes

stantial extend by the large surface area of the Havel Lakesver 50% of the total P input to the Lower Havel River. Con-

(see als@Behrendt and Opit2000. sequently, the reduction of P emissions from all other sub-

Figure9 also illustrates that the deviation between model catchments by about 13% (scenario P1) can have only little

simulation and observation is rather small when looking ateffect on the total P input{5.2%). On the other hand, a 50%

cumulated TN loads. However, as Tadlshows the tempo- decrease in P loads of the Spree River and its side branch,

ral variability in TN concentrations is replicated by the model the Teltowkanal, results in a significant change in total P in-

less accurately. put (—35.2%). According to the model, the alteration in the
average TP concentration of the Havel RivefHaye iS by a
4.5 Scenario simulations factor of ca. 0.7 smaller than the change in total emissions

A ETotgl- Internal phosphorus loading is responsible for this.
The results of two selected scenarios which account for mea- In Fig. 10 the results of the scenario analysis are pre-
sures to control phosphorus emissions are presented hersented in form of average P concentrations for the 13 sim-
In the first scenario (“P1”) it was assumed that phosphoruaulated years. In this figure, a fourth scenario (P0*) has been
emissions from point sources were diminished all over theadded which is identical to scenario PO with respect to exter-
Havel basin except for the subbasin of the tributary Spreenal phosphorus loading. But in contrast to PO the decline in
which was not in the focus of the study (TalB® Con-  the sedimentary P excess was neglected in scenario P0*, i.e. a
sidered actions include the completion of all sewage treat-continued P release at the present level was assumed. A com-
ment plants being in construction as well as upgrades in Fparison of the graphs PO, P0*, and P2 suggests that the drop
elimination techniques to the highest standards in plants ofn the average P concentration due to the fading P release is
all size. Furthermore it was assumed that the wastewatealmost comparable to the drop that could be achieved by im-
of households which are currently unconnected to a seweplementing the measures associated with scenario P2 after a
system is treated in small scale sewage works. The correperiod of 13 years. A look on the calculated change in the
sponding reduction in P emissions was estimated with thesediment phosphorus excess reveals a depletion of remark-
ArcEGMO-Urban modelBiegel et al, 2005. The second able 62 and 80% in lake E and F within the simulation pe-
scenario (“P2") includes scenario P1 but comes with the ad+iod. The corresponding change in PX in the higher polluted
ditional assumption that the average P load emitted from thdakes B, C, and D amounts to 20, 32, and 35%, respectively.
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Fig. 11. Simulated seasonality of the TP concentration at monitor-
123 456 7 8 910111213 ing station Hv0200 for the scenarios with altered phosphorus emis-
Simulation year sions (monthly averages over the final four years of the 13-year sim-
ulation period).
Fig. 10. Simulated average TP concentrations at monitoring station
Hv0200 for the scenarios with altered phosphorus emissions P1 and
P2, compared to the status-quo scenario PO. The scenario PO* wasasins could be reduced by about 29% if all the suggested
derived from PO by leaving the decline in the sediment P excessnanagement measures were implemented. The predicted av-
(PX) unconsidlered. The bold two-sidhed error barshindicateI th(T senérage TN concentration at the downstream boundary of the
sitivity of results for scenario PO with respect to the initial values : . : .
of PX (initial PX altered by+100%). The T-shaped bars extend- St;gled rpl/(I-:‘_rlse_cgt(l;n (Sta“gh HYOZO?) charﬁes 'frorln t%'72 to
ing the columns for scenario P1 and P2 illustrate how the predicted ", mg ( ) according to water quality simulations.
concentrations would change, if the magnitude of internal loading his figure must not be underrated as only about 40% of the
would increase proportional to the reduction of external P loads. total catchment area were affected by the suggested measures
of emission control. Certainly, a more significant drop in ni-
trogen concentrations could be achieved if an equivalent re-

The fact that Fig10 shows stagnating or even increasing P duction in N emissions would take place in the Spree catch-
concentrations rather than the expected decrease is attributégénttoo. . . .

to the time series of meteorological conditions, which un-  The sensitivity of simulation results to changes in the re-
derly the scenario simulations (declining discharge). Whiletention parametekry is expressed by the following figures:
this may be confusing at the first glance, it demonstrates théf the rate constant is varied b50%, the computed average

strong influence of the variability in runoff on the nutrient TN concentration at station Hv0200 changes-h}4% and
concentrations of the Havel River. +18%, respectively. As nitrogen retention is higher in sum-

The seasonality of the simulated TP concentrations for théger' t:e same app(ljlgs tohthe sen.sw\;tyl of smulatg_)n rejults.
scenarios PO, P1, and P2 is illustrated in Bity. One should -g. the corresponding changes in July amount2» an

keep in mind that the general seasonal pattern of internal FTSS%’ if the absqlute values bf,N are mcregsed or lowered
loading was assumed to be unaffected by the reduction in e)é-)y 20%, respec'_tlvely. These flgures again demorjstrate the
ternal P loads (Sect.3). As in Fig.10, the graph labeled PO* |mportar_1ce of nitrogen losses in the studied section of the
demonstrates how the results for scenario PO would changE'avel River.
if the decrease in internal P loading due to the decline in the
sediment phosphorus excess was neglected. 5 Discussion

As with phosphorus, different cases of reduced nitrogen
emissions were analyzed but we present only a single sce5.1  Significance and variability of nutrient retention in the
nario here. Contrary to the P scenarios, the potential for Lower Havel River
further enhancement of N-elimination in sewage treatment
was considered to be insignificant. The officially reported The net phosphorus release rates shown in4rgsult in a
grades of purification are very high already. Thus, the scesignificant increase of pelagic P concentrations in the second
nario (“N1") assumed that only non-point nitrogen emissions half of the year. Therefore, at present, phosphorus limitation
were reduced all over the Havel basin, again excluding theof primary production does not occur during summer. In-
Spree subbasin. To simulate this, digital maps of present lanstead, the underwater light climate (self-shading) is assumed
duse were reclassifieddcobs and Jess@003 to reflecta  to be the major limiting factor for primary production, possi-
partly conversion of arable land to grassland and fallow asbly accompanied by temporary nitrogen shortage.
well as the growing of intercrops to minimize N losses. The The differences between observed and simulated TP con-
expected change in N export from the catchment due to theentrations (Fig8) indicate that the magnitude of net phos-
assumed changes in landuse was calculated by project pagphorus release from sediments is not the same each year. Cer-
ners using the SWIM model. According to simulation re- tainly, multiple causes must be considered. We presume that
sults, the average nitrogen export from the considered subvariability in the seasonal succession of plankton might be
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of great importance. E.g. increased settling of algal biomasgell-internal stoichiometry, etc.) are just common examples.
could favor the release of iron bound P by causing a dropSome mechanisms, especially those related to the phospho-
in the redox potential owing to raised mineralization activity rus release from lake sediments, are in the focus of limnolog-
at the sediment surface. However, higher sedimentation ofcal research since the middle of the 20th century. Although
organic P could also result in lower net phosphorus releasenany modeling concepts for P release have been suggested
if the decomposition capacity is exceeded and P recycling ige.g. Kozerski et al. 1984 Van der Molen 199 the rele-
therefore delayed. vance of the different involved processes is still under dis-
In addition to biological processes, physical factors mustcussion. A breakthrough in the establishment of transfer-
be taken into account. E.g. short periods of temporary stratable relations between sediment characteristics and internal P
ification may occur in some years even in shallow lakes inloading has not yet been madegndergaard et aR003. In
times of high temperatures and low wind action. Thoseconsequence, the selection of an appropriate level of model
events can hardly be predicted but they may have a coneomplexity is the real challenge in aquatic nutrient simula-
siderable impact on the redox status of the sediment surfactons. This is true for mesoscale applications in particular.
and thus on P releas@/€lch and Cooke2005 Kleeberg and The model concept presented in S&8and4.3reflects
Kozerskij 1997). the simplifications which were necessary to allow the pre-
The observed spatial and temporal pattern of nitrogen rediction of TP and TN concentrations under the constraints of
tention is not easy to explain. One obvious feature emergindimited process understanding and data availability. In order
in lakes B, C, E, and F is that highest nitrogen losses occuto point out the limits of the model’s applicability as well as
already in spring, long before water temperature or planktorpotential sources of uncertainty, some of the key assumptions
biomass reach their maximum values (F3y. Possibly, this ~ (see Sect4.3) are recapitulated here:
could be explained by the dominance of diatoms in spring First of all it should be realized that the model equations
and early summer. Because this group of algae suffers fronpresented in Sec#.3 account for a limited part of the phos-
higher sinking losses compared with other phytoplankton, di-phorus cycle only — the release of P which has accumulated
atom blooms should result in enhanced sedimentation of Nduring a period of higher external loading. Since the model
Furthermore, nitrification, the crucial step prior to denitrifi- does not explicitly describe the settling of organic matter and
cation Kemp and Dodds2002 Kern et al, 2002, may be  sediment diagenesis it provides no means to simulate how the
enhanced in spring due to deeper penetration of oxygen int@bserved phosphorus excess (PX) built up in the past. If the
the sediment. model would account for the permanent storage of a fraction
Another phenomenon observed in these lakes is a depre®f settled organic matter in the sediment (incomplete degra-
sion inktyn values in late summer (Fig), which possibly ~ dation), the predicted long term phosphorus concentrations
can be attributed to nitrogen fixation by blue-green algae. Asare expected to become slightly lower for all scenarios.
detailed species information are unavailable, this can hardly We assumed a linear relationship between PX and the
be proven by monitoring data. However, data show thatphosphorus release rate. If this is accepted, the quantifica-
the maximum of cyanobacteria biomass usually occurs irfion of the sediment phosphorus excess must be considered
the relevant time. Taking into account the very low nitro- as the primary source of potential errors in model predictions.
gen to phosphorus ratios at many of the monitoring stationdJncertainty is due to both, the method how PX is derived
(TN/TP <5 from August-October, DIN/SRR1 in August ~ from sediment properties (Sedt2) as well as the necessary
and September) the occurrence of nitrogen fixing blue-greegxtrapolation of data from a single core sample to large sedi-
algae seems likely (sed/indolf et al, 1996 for a discus- Mmentareas. As FigOreveals, the decline in internal loading
sion). Low settling rates could alternatively be responsibledue to a continued decay of PX could perceptibly affect the
for a decrease in N retention. In case of the Teltowkanal phosphorus concentration in the Havel River within a decade.
the low seasonal variation iy is probably attributed to a The sensitivity of the results to errors in the estimated initial
steady supply of nitrate (about 80% of TN) by several largevalues of PX is however quite large (error bars in Fi).
wastewater treatment plants accompanied by increased watdhe analysis of a greater number of core samples, including

temperatures in winter. deeper sediment layers, would be necessary to quantify the
size of PX more reliably.
5.2 Adequateness of the modeling approach We have to stress that the proposed model concept is suit-

able for the analysis of reduced emission scenarios only, as
The fate of nutrients in natural waters is determined by along as the lowering in the external N or P load is moder-
large number of biologically driven transformation and stor- ate. In case of nitrogen this constraint is less strict due to the
age processes. Many of the processes are known in princidse of a theoretical founded first-order approach (S&8}.
ple, but often key parameters can hardly be measured with avhich gave satisfactory results under transient external N
sufficient spatial and temporal resolution and accuracy. Setloading in the 1990s. The constraint is more severe with re-
tling velocities, resuspension rates or physiological characspect to phosphorus, as in the model, the rate of sediment
teristics of the different groups of plankton (growth rates, P release is unrelated to the external P input. At least three
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feedback mechanisms between internal and external loading.3 Inferences for water quality management
might be of relevance in reality.
One feedback is due to the fact that the diffusive P flux . magnitude of present internal phosphorus loading

between sediment and water depends on both, the SRP COPsect 4.1) and the scenario simulations from Sets sug-
centration in the pore water and the pelagic. In November i

2005 d ined dian SRP ion in th ﬁc);est that summer P concentrations cannot be reduced to a
y We et_ermme amedian concentration in the 1R, o that results in a limitation of primary production within
6 cm of sediment of 3.9 mg} for the Havel Lakes and

hiah | b di Si the focused time period (until 2015). Even under scenario P2,
even higher values are to be expected in summer.  SINCE - assumes a reduction in phosphorus emissions by about

the pelagic concentrations are about one order of magnitudgs%, the average concentration over the vegetation period
smaller (Fig.6) it is obvious that the diffusive P flux should )\ <100 14 mg TP after 10 years of continued P loss

be rather insensitive to a reduction of the dissolved P conceng. - <o jiments (average for Apri-September in years 10-13

tration in the water body. The significance of other feedbackmc the simulation period at station Hv0200). Only in spring,

mechanisms is much harder to predict: If the production anqNhen internal loading is still insignificant (Figt), much
settling of organic matter would decline due to reduced NU- o wer phosphorus concentrations of about 0.07’mg TP |
trient availability, it seems logical that a bigger amount of might be reached (see Fi@l). At a SRP/TP ratio of 0.3
“old” organic phosphorus which has accumulated in the sed-(Spring data from lake E) the corresponding SRP concen-
iment during the period of higher external loading could thentration is about 0.02 mg*. According toSas(1989 an

be mineralized. However, a contrary reasoning is also poséverage SRP concentration lower than 0.01 mgdver the

S'bk.a i On,: COﬂSIdI?I‘S. thatdredudced settlmgt]_ of d(fegradable Ofantire vegetation period would be necessary to indicate phos-
ganic matter results in reduced consumption ol OXygen angy, s |imitation of the phytoplankton. On the other hand,

hitrate in the top sediment. This in turn could diminish the half-saturation concentrations used in Michalis-Menten type

release of redox-sensitive bound P. To get an estimate of thpn ;
odels of phytoplankton growttBowie et al, 1985 sug-
maximum potential error due to neglected feedback mech- Phytop g 6 9 sug

. ! . . est that a prevention of algal blooms in the early season is
anisms, we repeated the simulation of scenario P1 and Pg

: ) . ossible under scenario P2.
with P release rates that were increased proportional to th ) )
reduction in external P loads (T-shaped error bars inFoy. As studies on the nearby ddgelsee (Spree catchment) by
The obtained results should be considered as a “worst caseKohler et al.(2000 suggest, initial nutrient concentrations
because the diffusive flux is rather insensitive to decreased]) SPTing might also affect the succession of plankton later in

external P loads (see above) and the other two feedbacks dif€ year. Anyhow, we believe that overall primary production
cussed might compensate each other to some extend. could only be limited by phosphorus after P stripping from

One should notice that the inclusion of all key processesthe sediments has continued for several decades. The imple-

involved in the aquatic P cycle cannot be achieved by makindnentation of drasftic measures of emis_sion control in all parts
minor changes to the model equations presented in &&ct.  Of the catchment is another prerequisite.
Instead, a full-fledged lake ecosystem model would need to The scenario of reduced nitrogen emissions from non-
be applied. In fact we implemented a standard variable{point sources revealed that a significant decrease in the av-
stoichiometry algae-nutrient model based on the work oferage TN concentration of the Lower Havel River could be
Hamilton and Schladowl1997) and Ambrose et al(2007) achieved if the suggested measures were taken in all sub-
including a single-layer sediment compartment. The mod-basins, including the Spree catchment. In the present situa-
eling environment introduced in Se@.3 makes this rather tion (recall Fig.6) a further reduction in nitrogen loads ap-
easy. However, we had to realize that this more sophisticategears to be the only method which could allow phytoplankton
approach cannot produce more reliable results if most of théblooms in summer to be controlled. The fact that we found
over 30 parameters need to be estimated from the literaturstatistically significant positive correlations between the up-
or a very limited number of observations. We therefore re-per quartiles of summer DIN and chlorophyll-a concentra-
turned to the simple formulation presented in Tablghich tions might indicate the occurrence of temporary N limitation
certainly has severe limitations due to its implicit assump-in recent years. However, the causality of these correlations
tions but gains from transparency on the other hand. needs to be verified yet and nutrient enrichment experiments
We believe that every model — whether it relies on a sim-(e.g. Weithoff and Walz 1999 might be required therefor.
ple conceptual or a fully mechanistic approach — will cer- Whatever the result may be: In our opinion it is uncertain
tainly run into trouble if nutrient availability drops to a level whether a further decrease in N loading alone could really
where distinct changes in the overall structure of the ecosysinduce a severe depletion of available nitrogen over longer
tem appear (e.g. significant changes in the composition operiods of time. In a worse case, nitrogen shortage could be
the plankton community, re-establishment of macrophytescompensated by a shift in the composition of the phytoplank-
etc.). A unique, transferable pattern of the recovery of shalton towards N-fixing cyanobacteria. The danger of this un-
low lakes has not been identified so f&whdergaard et al.  desired effect exists as long as P concentrations remain high
2002. and thus, N:P ratios are low.
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