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Abstract: Despite great efforts in point source reductions due to improved wastewater treatment
since 1990, more than 70% of the lakes in Germany have not yet achieved the “good ecological
status” according to the European Water Framework Directive (WFD). To elicit lake type-specific
causes of this failure, we firstly analyzed the ecological status of 183 lakes in NE Germany (Federal
State of Brandenburg), as reported to the European Commission in 2015. Secondly, long-term data
of two typical lakes (a very shallow polymictic lake with a large and a deep stratified lake with a
small catchment area in relation to lake volume) and nutrient load from the common catchment
were investigated. About 64%–83% of stratified and even 96% of polymictic shallow lakes in
Brandenburg currently fail the WFD aims. Excessive nutrient emissions from agriculture were
identified as the main cause of this failure. While stratified deep lakes with small catchments have
the best chances of recovery, the deficits in catchment management are amplified downstream in
lake chains, so that especially shallow lakes in a large catchment are unlikely to reach good
ecological conditions. If the objectives of the WFD are not questioned, agricultural practices and
approaches in land use have to be fundamentally improved.
Keywords: water quality; catchment; nutrient load; agriculture; European Water Framework
Directive; shallow lake; stratified lake

1. Introduction
The pollution and shortage of freshwater resources are worldwide problems. The European
Water Framework Directive takes account of the high value of water and the need to protect this
precious resource when it starts with the following words: “Water is not a commercial product like
any other but, rather, a heritage, which must be protected, defended and treated as such.” [1]. The
WFD was established by the European Commission (EC) in 2000 to ensure sustainable water
management based on River Basin Management Plans (RBMP) and programs of measures. It
provides a legislative framework, which commits the member states of the European Union to
preventing deterioration of the aquatic environment and achieving good status of all water bodies
(groundwater, rivers, lakes, transitional waters, and coastal waters). This includes the biological,
hydromorphological, physicochemical, and chemical quality of water bodies. The aim of the WFD is
to achieve a “good ecological status” for natural waters. Initially set for 2015 (by the end of the First
RBMP), this target is now to be achieved by 2027, but there is growing concern that this is a long way
from being achieved in many countries. Continued efforts are, therefore, needed to integrate water
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policy into other policy areas such as agriculture, urban planning, energy, and climate [2].
Eutrophication is still one of the major environmental problems across Europe. Agricultural or
diffuse losses (agriculture plus background) account for more than 60% of the total nitrogen (N) load.
For phosphorus (P), point sources tend to be the most significant source in European countries.
However, as point source discharges have been reduced markedly during the last 15 years,
agriculture has sometimes become the main P source [3]. In contrast to point sources, the
quantification of nutrient losses from diffuse sources is a challenging task and several nutrient models
have been developed worldwide in an attempt to describe and quantify nutrient transfers from fields
to the aquatic environment [4].
For the assessment of lake water quality, the WFD requests the inclusion of different groups of
organisms (biological quality elements). Therefore, national assessment methods have been
developed during the implementation of the WFD [5], which have been intercalibrated subsequently
in geographical intercalibration groups (GIGs) [6,7]. Water quality assessment requires the
comparison of the present state of a water body to a lake type-specific reference state, which is defined
as a slight deviation from natural conditions due to anthropogenic impact.
In Germany, the typification system by the Federal State Working Group Water (LAWA) [8] is
used. Most of the WFD-relevant lakes ≥50 ha (which represents less than 10% of the total number of
lakes) are located in the ecoregion of the German lowlands or in the Lowland Central/Baltic (L-CB)
according to the intercalibration [7]. Phytoplankton is the biological quality element most widely
used for the assessment of lakes. The assessment system for this biological quality element in German
lakes (Phyto-See-Index, PSI) considers total biomass, algal classes, and indicator species of
phytoplankton. A manual [9] and a Microsoft Access-based tool for calculations [10] are available.
The sampling instruction for standing waters was also standardized to ensure better comparability
of data [11]. Furthermore, assessment systems were developed for submerged macrophytes and
microphytobenthos (PHYLIB) [12] and for elements of the aquatic fauna, such as macrozoobenthos
[13] and fish [14].
By the end of the first RBMP in 2015, most German lakes (74%) did not achieve the “good
ecological status” [15], which is below the European average [16]. Therefore, the first aim of this study
is to identify the causes of missed targets. For this purpose, data of about 200 natural lakes ≥ 50 ha in
the Federal State of Brandenburg (North German lowlands), a region rich in surface waters were
analyzed. About 3000 lakes and 33,000 km of river course cover 2% of the state area. Intact landscapes
and ecosystems, including lakes and their water quality are of significant economic importance for
tourism and recreation, but also for transportation, agriculture, and fisheries. In the past century,
eutrophication through the excessive input of nutrients from intensive agriculture and insufficient
treated municipal wastewater caused a massive deterioration of water quality in most lakes of the
area studied. However, the German reunification in 1990 marked a change characterized by the
beginning of substantial restoration measures in the catchment areas, especially by improved
treatment of wastewater.
The second aim of the study is to analyze the influence of morphometry, land use, catchment
size, and hydrology (water residence time) on water quality. To that end, long-term water quality
data (1994–2018) of two lakes were analyzed to study their response after load reduction. Both lakes
are situated in the same catchment (Scharmützelsee region, Brandenburg). Nutrient emissions from
the catchment and resulting loads to the surface waters were estimated by an adapted nutrient export
coefficient approach and verified by empirical models. These lakes represent two of the most frequent
lake types occurring in North German lowlands: The very shallow polymictic lake with a large
catchment area and the deep stratified lake with a small catchment in relation to lake volume. Both
lakes are part of a chain of lakes, which is a typical element of this landscape.
Specifically, we want to answer the following scientific questions: How do deep and shallow
lakes respond to a reduction in nitrogen and phosphorus loads and in-lake concentrations as limiting
nutrients? Do the ecological quality elements macrophytes and phytoplankton respond in a similar
manner on the nutrient reduction? How efficient is nutrient recycling in shallow lakes to oppose
nutrient loading reductions [17]? Finally, statistical analyses and case studies in combination allow
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to derive fundamental lake type-specific causes for missing the WFD water quality objectives and
commenting of the requirements for the achievement and adequacy of these objectives.
2. Materials and Methods
2.1. Study Sites
2.1.1. Brandenburg Lakes
Brandenburg is a Federal State in the northeastern part of Germany (Figure 1a) with an area of
29,654 km² and two and a half million inhabitants. Berlin, the capital of Germany, and Brandenburg
constitute the common capital region of Berlin-Brandenburg containing six million inhabitants, with
4.4 million in the affluent suburbs.
Brandenburg is naturally rich in running and standing waters: A network of waterways
consisting of 33,000 km of river course and 3000 lakes mainly belonging to the catchment areas of the
rivers Elbe and Oder. Surface waters cover 1000 km², i.e., 2% of the state area. The distribution of
lakes in Brandenburg is shown in Figure 1b. There has been a change in land use and transport
demands for construction materials, fuel, and agricultural products over the last few centuries. Small
rivers were made navigable for ships and were linked still further by canals from the 17th century
onwards. Large-scale agricultural land modifications led to the irrigation or drainage of large areas
[18]. The natural wealth of lakes has been further increased by the formation of mining lakes in
southeast Brandenburg following large-scale opencast lignite mining. Some of the lakes developed
are bigger and deeper than the largest natural lakes.
The supply of water in Brandenburg is limited due to the influence of the continental climate.
The annual rainfall (576 mm, long-term mean 1981–2010, Meteorological Observatory of DWD in
Lindenberg, 10 km apart from Scharmützelsee region [19]) is the lowest in Germany. Most of the
lakes are discharge regulated to prevent water level dropdown at times of low rainfall. Climate
scenarios calculated for Brandenburg predict an increase in the average temperature, whereas mean
annual precipitation remains unchanged. Due to an increase in evaporation and decreased discharge,
this change in the regional climate will be reflected in the water balance [18]. The management of
Brandenburg’s water through extraction, discharge, and storage can have an even bigger influence
on the water balance than climate change.
2.1.2. Catchment Characteristics of the Scharmützelsee Region
The lakes for the long-term study are situated in the Scharmützelsee region in the central part of
Brandenburg, about 60 km southeast of Berlin (Figure 1, Table 1 for coordinates). They originate from
the Weichsel glaciation during the last stage of the Pleistocene, about 12,000 years ago, and are located
at the border of the southern plateau of the Berlin glacial valley. Carbonate-rich glacial till and
nutrient-poor sands characterize the surface geology. The lakes were formed by a combination of ice
and meltwater erosion. Small rivers and navigable channels connect most of the lakes in the region,
which is named after the largest lake, Scharmützelsee. The water level is regulated, and four water
gates enable boating to the river Dahme, a tributary entering the river Spree in Berlin. Consequently,
the quality of water discharged from the Scharmützelsee region influences downstream lakes and
rivers in the catchment areas of the River Spree, Havel, and Elbe flowing to the North Sea. The total
size of the catchment studied is 392 km².
Land use characteristics are given in Figure 2. The mapping is based on satellite data of the years
2000 and 2006 (CORINE Land Cover data (CLC2006) [20]. Half of the catchment area is covered by
forest (53%), and one third is used for agriculture (31%). The portion of surface waters is relatively
high (9%), but the area-specific discharge is low (2.5 L km−2 s−1). Urban and industrial areas cover 6%
of the catchment. The population density, with 58 inhabitants per km2, is relatively low. The main
use of water in the catchment is related to tourism and fisheries. With small regional differences,
94%–100% of the inhabitants are connected to the sewers [21]. The wastewater of 24,319 population
equivalents [22] is treated in one large and two small wastewater treatment plants (WWTP). They
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emit about 3536 m³ day−1 of treated wastewater. Mean concentrations in the effluent of the large
WWTP are 0.3 mg TP L−1 and 3.5 mg TN L−1 (means 2011–2018, based on data of the WWTP operating
companies). Drinking water is extracted mainly from groundwater.

Figure 1. Federal States of Germany (a). Brandenburg is highlighted in grey and the capital, Berlin, in
black. The catchment Scharmützelsee region is surrounded by a line. Distribution of lakes in
Brandenburg (b). Lakes to be assessed according to the European Water Framework Directive [1] and
have an area ≥50 ha are shown in black. Scharmützelsee region is marked. Catchment of
Scharmützelsee region (c). Arrows indicate the flow direction, crosses mark the effluents of
wastewater treatment plants, and black asterisks mark the sampling locations in Lake Scharmützelsee
(SCH) and Lake Langer See (LAN). Source of geographical data: [23–27].
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Table 1. Morphological and hydrological characteristics of the lakes studied. Hydrological data are
given as mean and range of annual values 1994–2018.

Geographic coordinates
(WGS84)
Catchment area (km2)
Lake area (km2)
Lake volume (Mio. m3)
Catchment to volume ratio (m−1)
Shore length (km)
Maximum depth (m)
Mean depth (m)
Mean daily discharge (m3 s−1)
Hydraulic residence time (a)
Type of mixis
Lake type according to WFD
[8,9]

Scharmützelsee (SCH)

Langer See (LAN)

52°15′ N, 14°03′ E

52°14′ N, 13°47′ E

127
12.1
108.2
1.2
30.3
29.5
8.9
0.35 (0.22–0.47)
10.3 (7.4–15.8)
dimictic
13
(stratified hard water lake
with small catchment)

392
1.3
2.84
138
8.4
3.8
2.2
1.03 (0.70–1.44)
0.09 (0.06–0.13)
polymictic
11.2
(very shallow hard water
lake with large catchment)

Figure 2. Land use of the catchment of Scharmützelsee region. The lakes in the case study are labeled.
The pie chart summarizes the types of land use (industrial and urban areas are grouped together).
Map created from CORINE Land Cover data (CLC2006) [20].

2.1.3. Lakes in the Catchment: Deep Lake Scharmützelsee and Shallow Lake Langer See
Lake Scharmützelsee is one of the largest natural lakes in Brandenburg, based on its area (Table
1). The elongated lake is 10 km long and about 1 km wide. The depth of the lake increases from 7 m
maximum depth in the polymictic northern basin over a temporarily thermally stratified middle
basin with up to 11 m depth to a maximum depth of 29.5 m in the dimictic southern basin (A
bathymetric map is given in [28]). The total lake is considered for the assessment of water quality
according to the WFD. It belongs to lake type 13, based on the German classification system for WFD:
Calcareous, stratified lakes with a small catchment (in relation to lake volume) in the German
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lowlands ([8], Table 2). Water inflow is predominantly (88%) from groundwater sources [28],
although surface water from a chain of four smaller lakes enters the larger lake at its southernmost
point (Figure 1c). The lake outflow has been regulated by a weir and an outlet lock since the 18th
century. The hydraulic residence time is about ten years (Table 1).
Lake Langer See is a polymictic shallow lake with a maximum depth of 3.8 m and is much
smaller than Lake Scharmützelsee (Table 1). A bathymetric map is given in [29]. However, being at
the end of the lake chain, it receives the complete load from the Scharmützelsee catchment. The
discharge is high in relation to the lake volume, resulting in a mean hydraulic residence time of only
34 (23–47) days (long-term annual mean 1994–2018). With values around 30 days, the lake is at the
transition between lake type 11.2 (very shallow, hard water lake with large catchment) and type 12
(riverine lake), according to the German assessment system for phytoplankton ([9], Table 2).
Nevertheless, due to a low discharge in the vegetation period (used for assessment), the hydraulic
residence time is usually above 30 days (30.5–104.1 days, average 55.1 days, long-term annual mean
1994–2018) and this lake was classified as type 11.2.
Grüneberg and co-authors [28] give details of the nutrient loading history of Lake
Scharmützelsee. There was an early limnological survey of this region in the 1930s. In the paper
evolving from this study, Wundsch [30] described Lake Scharmützelsee as relatively clear with an
oxygen-poor, but not oxygen-free, hypolimnion without the formation of hydrogen sulfide (H2S) [31].
Thus, a pristine mesotrophic status can be assumed. This situation had changed when Müller [32]
studied the lake in 1949 and 1950, as H2S in the hypolimnion in August and September up to a depth
of 12 m was found. The summer Secchi depth decreased from about 3 m in the 1930s [30] to 2.3–1.1
m at the beginning of the 1950s [32]. Thus, Lake Scharmützelsee changed from mesotrophic to
eutrophic conditions [28,33,34].
There are no reports on the water quality in Lake Langer See from early times. A natural
eutrophic status can be assumed due to its shallowness and the high hydraulic and nutrient load.
Almost complete coverage of the lake bottom by submerged macrophyte plants is likely, but not
reported. However, the trophic development of all lakes in the region, especially Lake
Scharmützelsee and the downstream lakes, must be similar: Eutrophication has increased since the
1960s. Excessive sewage discharge, especially between the 1950s and the 1980s, and the introduction
of phosphate-containing detergents in the 1960s resulted in a deterioration of water quality. Another
source of nutrient input into lakes was fish food. Lake Storkower See, situated upstream of Lake
Langer See, was used for fish farming for over a decade before 1990. This latter year marks political
changes in eastern Germany and the beginning of substantial restoration measures in the catchment.
The most important element of these management measures was the reduction of point discharge,
for example, by the construction of a modern wastewater treatment plant and a central sewage
system. The portion of inhabitants connected to the sewers increased from about 25% at the end of
the 1980s to almost 100% nowadays. The Department of Freshwater Conservation has studied the
response of the lakes to the nutrient load reduction due to restoration measures in the catchment
since 1993.
2.2. Methods and Database
2.2.1. Monitoring Program of the Brandenburg Water Authority 2006–2014
About 200 lakes in Brandenburg of a size ≥50 ha are monitored every three to seven years to
meet the demands of the WFD. The State Office of the Environment (Landesamt für Umwelt (LfU),
formerly the Landesamt für Umwelt, Gesundheit und Verbraucherschutz (LUGV)) of the Ministry of
Rural Development, Environment and Agriculture of the Federal State of Brandenburg provided raw
data, derived water quality indices and reports of lake monitoring programs for the years 2006 to
2014, as well as management plans and programs of measures for the Elbe and Oder river basins for
the period 2015–2021 [35,36].
The assessment of phytoplankton was carried out using the PSI tool [9]. Submerged
macrophytes and microphytobenthos were assessed separately or in combination with the PHYLIB
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tool [12]. The macrophyte assessment was supplemented by the MIB tool (Makrophytenindex
Brandenburg [37]), a method developed and adapted to Brandenburg lakes and suitable for lakes
smaller than 50 ha. The Ecological Quality Class (EQC) is a combination of the different indices,
whereas its value is determined by the worst single index. Vegetation means of total phosphorus (TP)
and total nitrogen (TN) concentrations were calculated from monthly means for the vegetation period
from April to October. Depending on the measuring cycle, the data for individual lakes were raised
between 2006 and 2014.
A total of 183 natural lakes were selected for this study. They include lake types 10 to 14 (hard
water lakes in the ecoregion North German lowlands, following [8]. These are the following subtypes
based on the phytoplankton assessment method: Deep stratified lakes with stable summer
stratification with small (type 13), large (type 10.1) or very large (type 10.2) catchments compared to
lake volume. Shallow, polymictic lakes are classified based on their mean depth (zm) as subtype 11.1
(zm ≥ 3 m) or very shallow lakes (subtype 11.2 zm < 3 m). Riverine lakes (type 12) are lakes with short
hydraulic residence time (<30 d) and relatively large catchments. Type 14 includes shallow lakes (zm
≥ 3 m) with a small catchment (Table 2). All stratified lakes represent lake type L-CB1 of the
Central/Baltic Geographic Intercalibration Group. Among polymictic lakes, only type 11.2 overlaps
with the Central/Baltic GIG type L-CB2 (Table 2). Lakes types 11.1 and 12 were not included in the
European lake types due to hydraulic retention time <1 year, and type 14 due to hydraulic retention
time >1 year [38].
Table 2. Classification of calcareous (Ca2+ ≥ 15 mg L−1) German lowland lakes ≥50 ha, according to [8]
(DE-type), and for the assessment of phytoplankton (PP-type), according to [9]. Classification is based
on mixing behavior, the influence of the catchment expressed as volume quotient (VQ, catchment area
(km2) divided by lake volume (106 m3)), mean depth (zm, lake volume divided by lake area) and
hydraulic residence time (RT in days, lake volume divided by mean annual discharche). The
European intercalibration lake type (IC type) is given if it exists (Lowland Central/Baltic Geographical
Intercalibration Group [38]).

DE Type
10
13
11
14
12

PP Type
10.1
10.2
13
11.1
11.2
14
12

Mixis
stratified

polymictic
riverine

VQ
1.5–15
>15
≤1.5
>1.5
>1.5
≤1.5
>1.5

zm

RT

IC Type
L-CB1

>3 m
≤3 m

L-CB2
3–30 d

2.2.2. Estimation of Nutrient Input from the Catchment in the Scharmützelsee Region
The quantification of nutrient inputs into surface waters and the localization of hotspots of
nutrient emissions is the basis for the development of management plans for surface waters in
Brandenburg. Consequently, the State Office of the Environment has adapted the export coefficient
approach (e.g., [39,40]) to requirements in catchments in the Federal State of Brandenburg [41]. Based
on extensive geographical data (e.g., soil types, land use, crop, drainage, and groundwater) and data
from the literature (e.g., retention coefficients, emission rates), the annual inputs of phosphorus and
nitrogen into surface waters are estimated. These calculations contain runoff as surface runoff or
measured discharges, emission rates from point sources (WWTP and urban areas) and emissions
from diffuse sources from agricultural or urban areas via groundwater and surface runoff,
atmospheric deposition, and a natural groundwater background. In the first step, the nutrient
emissions from the sub-catchments are estimated based on land use information. Net nutrient
emissions are calculated considering nutrient retention processes in the soil and in the groundwater.
In the second step, loads from sub-catchments are summarized along the sections of running waters
following the natural flow direction of the water taking the nutrient retention in surface waters into
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account. The calculations presented are based on land use information and WWTP discharges for the
year 2011.
2.2.3. Long-Term Study of Water Quality in Lake Scharmützelsee and Lake Langer See 1993–2018
Lake Scharmützelsee and Lake Langer See have been sampled monthly to biweekly at their
deepest point since July 1993 (Figure 1c). Water transparency was measured with a white Secchi disk
of 20 cm diameter. Water samples were taken at half-meter intervals with a 2.3 L LIMNOS® sampler
and mixed in a vat. Mixed water samples were prepared over the whole water column for polymictic
Lake Langer See. For Lake Scharmützelsee, mixed samples were prepared volume-weighted either
for the whole water column during periods of complete mixing (usually November to April) or
separately for the upper mixed part (epilimnion) during thermal stratification periods (usually May
to October). Aliquots of the mixed samples were analyzed to determine the concentrations of TP, TN,
and chlorophyll a according to German standard methods [42]. Phytoplankton composition and
biovolume were estimated using an aliquot fixed with Lugol’s solution studied under an inverse
microscope, according to [43,44]. Biovolume was converted to biomass assuming a specific density
of 1 mg mm−3.
The German Trophic Index, according to LAWA, was calculated by using the Microsoft Access
tool [45]. This index summarizes trophic parameters (vegetation means of chlorophyll a, Secchi depth
and TP, and TP during spring overturn) to seven classes ranging from oligotrophic to hypertrophic.
The assessment of water quality was carried out with the PSI tool for phytoplankton [10] and with
the PHYLIB tool for submerged macrophytes [12]. Macrophyte mapping was carried out once in 2011
by Lanaplan, Nettetal [46], based on the PHYLIB method.
Different empirical models were applied to analyze lake-catchment interactions, which describe
the relationship between in-lake nutrient concentration, nutrient input, and hydraulic conditions. The
mean annual inflow concentrations of TP and TN were calculated from the in-lake nutrient
concentrations and the mean hydraulic residence time. For Lake Scharmützelsee, the models of
Vollenweider (1976) [47], OECD (1982, combined data set) [48], Nürnberg (1984) [49] and Sas (1989)
[50], the latter with the empirical net sedimentation coefficient according to Brett and Benjamin (2008)
[51] were applied. Details on the models are given in [28]. The TP load for Lake Langer See was
estimated with the models of Vollenweider [47] as well as the combined data model and the shallow
lakes model of OECD [48]. The TN load calculations were carried out with the OECD [48] model for
the combined dataset. Mean hydraulic residence time was calculated from daily discharge data
measured at the outlet lock of Lake Scharmützelsee, kindly supplied by the Water and Shipping
Authority, Berlin. The resulting area-specific discharge of this sampling station and a second station
in the catchment measured by LfU were used to estimate the discharge for Lake Langer See. Critical
loads of TP and TN were calculated, as described above, using the lake type-specific target values as
input data, i.e., TP and TN concentrations at which lakes achieved the “good ecological status”
according to the PSI derived by Dolman et al. (2016) [52]. The TP-target value for type 13 was
multiplied by 1.5 to consider the mean difference between annual values (used by the empirical
models) and vegetation mean (used by [52]) for Lake Scharmützelsee. The relation between annual
and vegetation mean for TN in Lake Scharmützelsee, and TP and TN in Lake Langer See, was about 1.
3. Results
3.1. Ecological Status of Lakes in Brandenburg, According to WFD in 2014
The ecological status of 183 Brandenburg lakes, according to WFD, as reported to the European
Commission in 2014, is analyzed here. The lakes studied represent lake types typical for the North
German lowlands, respectively, central Europe (Central/Baltic GIG), with 83 (45%) stratified and 100
(55%) polymictic lakes (Figure 3). Stratified lakes are most frequent with a volume quotient between
1.5 and 15 m2 lake area per m3 lake volume (type 10.2, 54 lakes) and very shallow polymictic lakes
(type 11.2, 45 lakes). Type 14 (polymictic lakes with a small catchment) comprised only three lakes
and will not be discussed further.
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According to the assessment of phytoplankton (PSI, Figure 3), 44%–50% of stratified lakes have
reached the “good” or “very good” ecological state. This portion was much smaller for the polymictic
lakes (type 11 and 12), with only 15%–24% in “good” ecological state based on the PSI. The high
proportion of 63%–67% of lakes in a “poor” and “bad” state for lake types 11.1 and 11.2 was striking.
The proportion of “poor” and “bad” lakes was the smallest in riverine lakes (12% in type 12). The
ecological quality (EQC, Figure 3) as a more comprehensive evaluation, including other biological
quality elements, is even worse than the PSI (only phytoplankton). In total, only a minority of 12% of
all lakes achieved the EQC of “good” and “very good”. This portion was higher among stratified
lakes (17%–36%). However, polymictic shallow lakes (types 11.1, 11.2 and 12) are especially at risk:
Only 4% of 97 lakes have reached the “good ecological status” (EQC).

Figure 3. Assessment of 183 natural lakes in Brandenburg ≥50 ha according to the Ecological Quality
Class (EQC, left) and Phyto-See-Index (PSI, right) as reported to the EU in 2014. The EQC summarizes
indicator values of different assessment tools for diverse biocomponents (phytoplankton, benthic
diatoms, submerged macrophytes, and microphytobenthos). Lakes are classified in sub-types
according to PSI [9]. Numbers of lake types and distinctive features are given. VQ—volume quotient
(catchment area divided by lake volume (m2/m3)), zm—mean depth (m).

TP and TN concentrations of the lakes were analyzed for the year of assessment to investigate
the causes for the failure to reach the water quality goals. This was compared to lake type-specific
target values for TP and TN to achieve the “good ecological status,” according to PSI (vertical lines
in Figure 4) derived by Dolman et al. (2016) [52]. The higher the TP concentrations, the more likely is
an ecological status worse than “good”. Whereas the TP concentrations in lakes of “good” and “very
good” ecological status are mostly relatively close to the lake type-specific target values, the TN
concentrations tend to be more above the TN target values, especially in lakes of type 12, and also in
the other polymictic lakes (type 11.1 and 11.2). Only some stratified lakes (and very few polymictic
lakes) reach the TN target values. Generally, the TN concentrations are often far above the TN target
values for all lake types, independent of the present ecological state.
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Figure 4. The PSI and concentrations of total phosphorus (TP, triangles) and total nitrogen (TN,
circles) of the vegetation period (April–October) for 180 lakes in Brandenburg (without lake type 14).
Numbers of lake types and distinctive features are given. VQ—volume quotient (catchment area
divided by lake volume (m−1)), zm—mean depth (m). Vertical lines indicate lake type-specific TP and
TN target values for achieving good ecological status according to Dolman et al. (2016) [52] (range of
error—grey area). The bold horizontal line is the boundary between “good” and “moderate ecological
status”. (Figure modified from [36]).

Water 2019, 11, 2547

11 of 25

3.2. Nutrient Inputs from the Catchment—Case Study Scharmützelsee Region
Net P and N emissions for sub-catchments in the Scharmützelsee region were analyzed based
on the land use information for the catchment without considering nutrient retention in the surface
water bodies (Figure 5). It turns out that N emissions from sources related to agricultural usage
(surface runoff or subsurface transport, Figure 5c) are much higher than from sources related to urban
areas (Figure 5d). The N emissions were especially high (>10 kg ha−1 yr−1) in the western part of the
Scharmützelsee region, where intensively used arable land is concentrated (Figure 2). In contrast to
this, the P emissions from urban areas (Figure 5b) partly exceed the emissions from agricultural areas
(Figure 5a). The main urban point source of P is the biggest wastewater treatment plant treating the
wastewater of 22,202 population equivalents [22]. The sub-catchment where the WWTP is situated
stands out with an annual P emission of 0.18 kg ha−1 yr−1.

Figure 5. Phosphorus (a,b) and nitrogen net emissions (c,d) in kg ha-1 yr-1 from agricultural (a,c) and
urban areas (b,d) for the sub-catchments in the Scharmützelsee region calculated without nutrient
retention in the surface water bodies, according to the method of LUGV [41].

Only a part of the nutrients emitted enters the lakes downstream due to the different retention
rates for N and P in the surface water bodies considered in the method of LUGV [41]. The resulting
nutrient loads are presented in Figure 6. The portion for N input from agricultural sources is
relatively high at 55% for Lake Scharmützelsee and 62% for Lake Langer See. By contrast, about half
of the P emissions originate from atmospheric deposition and natural background (groundwater),
and the portion of urban sources (about 20%) is somewhat higher than for agricultural P sources
(about 15%). The total nutrient input calculated from land use is much lower for upstream Lake
Scharmützelsee (0.41 t P yr−1, 5.73 t N yr−1) than for Lake Langer See at the end of the catchment (1.76
t P yr−1, 20.96 t N yr−1). Applying these estimates, the empirical models predict in-lake TP
concentrations of about 9 µg L−1 and 35 µg L−1 for Lake Scharmützelsee and Lake Langer See,
respectively (mean values of four or three models).
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Figure 6. Phosphorus (left) and nitrogen (right) input to Lake Scharmützelsee (SCH) and Lake Langer
See (LAN) from different sources, calculated according to the method of [41]. Nutrient retention in
the soil and in water bodies is considered. WWTP—wastewater treatment plant.

3.3. Long-Term Development of Lake Water Quality after Reduction of Nutrient Input from the Catchment—
Case Studies Lake Scharmützelsee and Lake Langer See
The analysis of long-term data revealed decreasing TP and TN concentrations in both lakes
(Figure 7). This corresponds to the declining nutrient loads derived from the empirical models (Table
3). Two periods of lake development could be clearly distinguished: 1994–2003 with higher in-lake
nutrient concentrations and 2004–2018 with lower concentrations. Nutrient input from the catchment
must have changed because the hydrologic conditions were similar during these periods. Grüneberg
et al. [28] described these phenomena as the “transient phase” and the “recovery phase” for Lake
Scharmützelsee, but they also apply to Lake Langer See.
However, the response to nutrient load reduction from the catchment was different for each
lake. Whereas nutrient concentrations in Lake Scharmützelsee decreased continuously,
phytoplankton biomass remained relatively high until 2002 (Figure 7). A drastic shift in
phytoplankton biomass was observed in 2003, and the trophic status changed from highly eutrophic
to mesotrophic. Since then, in-lake nutrient concentrations have remained at an almost constant level
of TP: 24 µg L−1 and TN: 577 µg L−1 (mean 2004–2018, Table 4). That is close to the lake type-specific
target values for the “good ecological status” (PSI) [52] of TP: 21 (18–25) µg L-1 and TN: 480 (350–620)
µg L−1, respectively. The ecological status based on PSI improved from “poor” to “moderate”. The
lake even reached “good” ecological quality in 2005 and 2006, and touched it in 2014 and 2016 but
remains more or less in the “moderate” status. During this short period of two years, the portion of
cyanobacteria of the total phytoplankton biomass decreased to 17% or 24%, respectively, compared
to 35% to 70% in the highly eutrophic phase before 2003. The shift in phytoplankton composition
during the summer was the most noticeable feature of the response to nutrient reduction in Lake
Scharmützelsee. Mean seasonal courses of main phytoplankton groups illustrate the change in
seasonal patterns for both trophic periods (Figure 8). The dominance of cyanobacteria over the whole
summer in eutrophic years was replaced by a clear water phase usually lasting from May to July. The
seasonal pattern and biomass of spring phytoplankton bloom remained almost unchanged.
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Table 3. Phosphorus (P) and nitrogen (N) load for Lake Scharmützelsee and Lake Langer See for the periods 1994–2003 and 2004–2018 calculated by empirical
models from mean annual discharge and mean annual concentrations of P and N in the upper mixed part of the water column as input data. Mean and standard
deviation of two to four empirical models is given for the P load. The N load was derived from only one model [48]. The calculation of critical P and N loads is
based on lake type-specific target values (vegetation mean) of Dolman et al. (2016) [52] (in italics). Due to the difference between annual mean and vegetation mean,
the P-target value for Lake Scharmützelsee was multiplied by a factor of 1.5.

title

Mean annual
discharge
(106 m3 yr−1)
Total P (µg L−1)
Total N (mg L−1)
P load (t yr−1)
Area-specific P
load (g m−2 yr−1)
N load (t yr−1)
Area-specific N
load (g m−2 yr−1)

Lake Scharmützelsee (Type 13)
Lake Langer See (Type 11.2)
Target Value
Target Value
1994–2003
2004–2018
1994–2003
2004–2018
Critical Load
Critical Load
Input data, mean (minimum–maximum)
11.7 (8.6–14.7)

10.5 (6.9–13.9)

33.5 (23.5–45.3)

31.7 (22.2–43.9)

59.6 (48.6–78.6)
0.87 (0.82–0.94)

38.4 (33.9–44.4)
21 (18–25)
99.9 (71.4–124.6)
0.65 (0.55–0.74) 0.48 (0.35–0.62)
1.27 (0.81–1.49)
Nutrient load, mean (±standard deviation)
1.9 (±0.4)
1.6 (±0.3)
6.5 (±2.8)

67.7 (55.3–76.4)
1.06 (0.84–1.17)

41 (32–51)
0.71 (0.52–0.88)

3.9 (±1.3)

2.5 (±0.7)

3.3 (±1.0)
0.27 (±0.08)

0.16 (±0.03)

0.14 (±0.02)

4.6 (±2.0)

2.8 (±0.9)

1.7 (±0.5)

32.8 (±5.3)

20.8 (±3.9)

14.8 (±1.8)

50.6 (±14.1)

36.2 (±8.9)

24.1 (±4.8)

2.7 (±0.4)

1.7 (±0.3)

1.2 (±0.2)

35.8 (±10.0)

25.7 (±6.3)

17.0 (±3.4)
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Whereas summer phytoplankton before 2003 was characterized by cyanobacteria with fine
filaments (Oscillatoriales: Pseudanabana spp., Planktolyngbya spp., Limnothrix spp., Nostocales:
Aphanizomenon gracile, Cylindrospermopsis raciborskii) [33], a shift to a more diverse phytoplankton
consisting of dinoflagellates, green algae, diatoms and cyanobacteria (now essentially Chroococcales
and Nostocales) was observed in the mesotrophic years. However, cyanobacteria still occurred in a
substantial portion of total phytoplankton biomass in the late summers of recent years, and local
people claimed to observe a temporal and local occurrence of surface scums formed by N-fixing
species of the order Nostocales (mainly Dolichospermum flos-aquae (formerly Anabaena flos-aquae) and
Aphanizomenon flos-aquae). These species are responsible for the lake not achieving the “good
ecological status” based on PSI despite the obvious improvements (Table 4).
Another consequence of lower phytoplankton biomass in Lake Scharmützelsee is the
improvement of underwater light conditions for submerged macrophyte vegetation. Hilt et al. (2010)
[34] described the recolonization of the lake by submerged macrophytes after eutrophic years with
very low submerged vegetation. The charophyte Nitellopsis obtusa reappeared in 2004 and presently
forms wide submerged meadows mainly at a depth of 2–4 m [46]. The number of submerged plant
species increased from 6 in 1994 to 26 in 2011. In the same time, the lake bottom area covered by
submerged macrophytes increased from 7% to 24%. However, the assessment of submerged
macrophytes by the PHYLIB tool [12] also revealed only a “moderate ecological status” (Table 4). The
failure here is caused by the absence of indicator species for the “good ecological status”. Moreover,
species such as Nitellopsis obtusa give only a “good” assessment when they settle in depths below 4
m.
In the shallow Lake Langer See, nutrient concentrations also decreased in a similar way to Lake
Scharmützelsee from 1994 onwards and remain on an almost constant level at TP: 65 µg L−1 and TN:
1 mg L−1 since 2004. In contrast to Lake Scharmützelsee, these concentrations are well above the lake
type-specific target values [52] of TP: 41 (32–51) µg L−1 and TN: 710 (520–880) µg L−1, respectively
(Figure 7). Trophic status improved by one class from polytrophic 2 to polytrophic 1, according to
the German Trophic index classification system [45]. This refers to the hypertrophic status according
to the OECD (1982) [48]. The biomass of phytoplankton and cyanobacteria showed a decreasing trend
until 2013 (Figure 7). This change is also illustrated by a comparison of mean seasonal courses of the
biomass of main phytoplankton groups in Figure 8. Here, the phytoplankton biomass was averaged
for the years 1993–2000 (polytrophic 2) and 2001–2018, when the lake reached the lower trophic status
(polytrophic 1). Both the biomass of summer and spring phytoplankton bloom decreased in Lake
Langer See. Cyanobacteria growth still starts in May, but the biomass maximum in late summer is
lower. In the years 2014–2018, phytoplankton biomass and chlorophyll concentrations reached again
the level of the 1990s (except 2017, Figure 7). This is presumably due to the sharp reduction in
discharge resulting from unusually long periods of drought. The hydraulic residence time in the
vegetation time increased to more than 90 days in the vegetation period of the years 2015, 2016, and
2018. The correlation of the chlorophyll concentrations (vegetation mean) with the hydraulic
residence time (May–October) showed a clearly positive trend for the years 2004–2018 in Lake Langer
See (r2 = 0.6, Figure 9). Contrastingly, Lake Scharmützelsee showed a decreasing trend.
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Figure 7. Long-term trophic development of Lake Scharmützelsee (left) and Lake Langer See (right)
from 1994 to 2018. From the top to bottom: Vegetation mean (April–October) of concentration of TP
and TN. Vertical lines indicate lake type-specific target values to reach good ecological quality,
according to Dolman et al. (2016) [52], for both nutrients, chlorophyll a (Chl a) and Secchi depth (SD),
biomass of total phytoplankton and cyanobacteria, German Trophic Index [45] and ecological quality
as Phyto-See-Index [9].
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Table 4. Limnological characteristics of the lakes studied and results of assessment of biological
components according to the WFD. The range of vegetation means (April–October) of total
phosphorus, total nitrogen, chlorophyll a concentrations, Secchi depth, and phytoplankton
biovolume, and assessment values are given for the years 2011–2018, assessment of submerged
macrophytes for 2011.

Lake type acc. to WFD [8,9]
Total phosphorus (µg L−1)
Total nitrogen (mg L−1)
Secchi depth (m)
Chlorophyll a (µg L−1)
Phytoplankton biovolume (mm3 L−1)
German Trophic Index and trophic
status acc. to LAWA [45]
Assessment of phytoplankton (PSI) [9]
Assessment of submerged
macrophytes (PHYLIB) [12]

Scharmützelsee
13 (stratified hard water lake with
small catchment)
17–29
0.45–0.75
2.4–3.8
6–14
1.2–2.4

Langer See
11.2 (very shallow hard water lake
with large catchment)
58–77
0.81–1.18
0.5–0.8
51–125
9.1–24.2

2.2–2.6 (mesotrophic – eutrophic)

3.5–3.9 (polytrophic 1)

2.3–3.4 (moderate)

3.5–4.6 (poor)

3.0 (moderate)

4.9 (bad)

Among cyanobacteria, a drastic decline in Planktothrix agardhii after 2001 was striking. Since this
is a microcystin-producing species, this shift was accompanied by a decrease in the concentrations of
that cyanotoxin. Lake Langer See contributed a large portion of toxin data to several studies [52–54],
although not explicitly mentioned in these papers. The biovolume of other filamentous
cyanobacteria, such as Pseudanabana spp., Planktolyngbya spp., Limnothrix spp. and Aphanizomenon
gracile, remained almost unchanged after 2001 [55]. Phytoplankton assessment based on PSI [9]
improved slightly and is now between the “poor” and “moderate” ecological status. Submerged
macrophytes seem to have expanded in the last few years, however, their biomass is still too low and
species indicating eutrophic (“poor”) conditions dominate. That is why the assessment according to
PHYLIB [12] yields a “bad” ecological quality (Table 4).

Figure 8. Mean seasonal courses of biomass of different taxonomic groups of phytoplankton. Data are
averaged for eutrophic years (1993–2002, except 2000) and mesotrophic years (2003–2018) for Lake
Scharmützelsee (top) and for years when Lake Langer See (bottom) was either in the polytrophic 2
status (1993–2000) or polytrophic 1 status (2001–2018), according to the German Trophic-Index [45].
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Figure 9. Vegetation mean of chlorophyll a concentration in dependence of hydraulic residence time
(May–October) for Lake Scharmützelsee (left) and Lake Langer See (right) for the years 2004–2018.
One value was excluded from the correlation analysis (open triangle).

4. Discussion
4.1. Lakes Miss Water Quality Goals due to High Nutrient Loads—Ecological Status of Lakes in
Brandenburg in 2014
Despite of great efforts in catchment restoration and thus a general decrease in nutrient
emissions into lakes since 1990, the ecological quality of the majority of lakes is still inappropriate.
Only 12% of the 183 natural lakes studied in Brandenburg reached the “good ecological status”
(EQC), according to the WFD in 2014, which is below the average of 26% for all natural German lakes
≥50 ha [15]. This difference is due to a high number of shallow lakes in the North German lowlands,
which comprises the lake types with the largest water quality deficits (Figures 3 and 4) [56].
The main reason for the failure to meet the WFD water quality goals is still too high nutrient
loading. Especially the N inputs due to intensive agriculture especially in lowland (peaty) areas with
artificially intensified drainage become more evident. The extent of excess in-lake TN concentrations
is obvious (Figure 4). This seems to be contradictory to the results of a statistical analysis of nutrient
concentrations in lakes of the ecoregion German lowlands: Dolman and co-authors [52] found that
the phytoplankton of about half of the lakes is limited by N during the vegetation period. These
situations are characteristic for shallow lakes during summer when denitrification reduces nitrate
concentration while P release from the sediment increases P availability [57]. The major portion of
TN is bound in phytoplankton biomass or in dissolved organic substances. Furthermore, the N
demand of primary producers will be covered by internal nutrient input due to intensive recycling
of freshly settled organic material in the water and especially in the upper sediment layer, detectable
as a high release of ammonia from the sediment [58]. Therefore, phytoplankton growth can be
apparently N-limited even in lakes with high TN concentrations if P supply is sufficiently high.
Consequently, management measures to reduce nutrient inputs (P and N) are recommended [59].
Considering the fast N recycling and the high N emissions from catchments resulting in a high
deviation between target values and concentrations (Figure 4), phytoplankton control by P seems a
more viable management option [57]. Management is successful if positive feedback is induced:
Lower trophic status with less phytoplankton biomass results in a lower intensity of lake internal
remineralization of organic matter and an increasing P sorption in sediments [60]. However,
Germany belongs to the minority of countries (38%) that have not yet set target values for nitrogen,
although the use of only one nutrient for lake assessment is increasingly questioned [61].
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If other parameters (e.g., silica concentration or underwater light) are limiting, lakes can reach a
good assessment for phytoplankton despite their P or N concentrations exceeding the target values
(see also [61]). Some shallow lakes and especially riverine lakes in our study have been assessed as
“good” or better, albeit TN and TP concentrations that were above the lake type-specific target values
(Figure 4). Phytoplankton growth in these lake types is known to be controlled by light or dilution
due to high discharge rather than by nutrient concentrations. This was also reported by Dolman and
co-authors [52] analyzing a dataset of 369 German lowland lakes. Low concentrations of silica can
control the biomass of diatoms and chrysophytes in spring and can, therefore, favor the development
of cyanobacteria [62]. In addition to these “bottom up” control mechanisms, phytoplankton biomass
and composition will also be influenced by “top down” control due to zooplankton grazing [63] or
the filtration activity of benthic macroinvertebrates such as mussels. The interaction between
submerged macrophytes and phytoplankton by different mechanisms (increased sedimentation,
reduced resuspension, nutrient uptake, excretion of allelochemicals, providing shelter for
phytoplankton grazers) is an additional factor regulating phytoplankton dynamics, especially in
shallow lakes [64], but was also shown for deep Lake Scharmützelsee by Hilt et al. (2010) [34].
However, the recovery of submerged macrophytes after their eutrophication-related loss and
subsequent restoration measures in shallow lakes and their catchments is a long-lasting process
whose mechanisms are not yet fully understood [65]. In general, the way in which food web
interactions, including macrozoobenthos, fish, and water birds, and interspecies competition
between plants influence phytoplankton dynamics is not quantified for most lakes.
However, it is even more difficult to quantify the impact of climate change on water quality.
Climate change is known to exacerbate the eutrophication process in lakes through several direct and
indirect processes [66,67]. This is especially appropriate for lakes in the study region, regarding the
climatic conditions with low precipitation and negative net hydrological budget (chapter 2.1.1.).
Increasing water temperatures, decreasing water levels and summer discharges, cyanobacteria, and
macrophyte mass developments are expected [68]. Consequently, with global warming, lakes become
more sensitive to nutrient loading which underlines the requirement for strict catchment
management.
4.2. Effects of Lake Morphometry and Catchment Size—Case Study Scharmützelsee Region
The Scharmützelsee region is an example of the successful restoration of a catchment in
Brandenburg and the entire eastern part of Germany after political changes in 1990. The reduction of
nutrient emissions, primarily by eliminating point sources, caused a significant improvement of
water quality. Nutrient input from point sources is no longer relevant for Lake Scharmützelsee,
although Grüneberg and co-authors [28] assumed a delayed P input via groundwater contaminated
by septic systems. However, point sources still contribute 6% of TP input and 3% of TN input for
Lake Langer See, caused mainly by the effluent of the main regional wastewater treatment plant.
The relative importance of nutrient transport pathways and the absolute quantity of nutrient
loads differ for the two lakes due to their different geographical locations and different land use of
the upstream catchment. Baseline nutrient imports gain in relevance with decreasing size of
catchment, flushing rate, and decreasing trophic level. This was shown for Lake Scharmützelsee
receiving 54% of P input via groundwater and atmospheric deposition (Figure 6). This was only 45%
for Lake Langer See. Nutrient input from agriculture is more important for Lake Langer See,
especially for N (63% for Lake Langer See, 55% for Lake Scharmützelsee). Lake Langer See, the last
lake of the catchment, receives about twice as much TP and TN compared to Lake Scharmützelsee in
the central part of the region (Table 4). However, the nutrient loads estimated from land use (Figure
6) were only half of the estimates from empirical models (Table 4) for Lake Langer See. The deviation
between the different approaches was even a factor 4 (TN) to 5 (TP) for Lake Scharmützelsee. Based
on the TP load estimates from land use, the empirical models predict in-lake TP concentrations that
would refer to the oligotrophic status for Lake Scharmützelsee (9 µg L−1) or to the mesotrophic status
for Lake Langer See (35 µg L−1) according to OECD (1982) [48]. This corresponds to neither the current
nor the historical status of Lake Scharmützelsee nor the potential natural status in dependence of lake
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morphometry which is the mesotrophic status [69]. However, the method of LUGV (2015) [41] was
developed for the whole of Brandenburg to identify hotspots of nutrient input into surface waters. It
reflects the proportions of different nutrient entry pathways quite well, depending on the present
land use. Differences for small sub-catchments are possible if assumptions in this country-wide
method do not meet local conditions. Exemplarily, the mean groundwater concentration of 58 µg L−1
TP used is much smaller compared to the 100 µg L−1 used by Grüneberg et al. (2011) [28]. Since Lake
Scharmützelsee is mainly (88%) fed by groundwater, a difference in background concentrations could
explain the huge difference between the applied methods and models. The results from the empirical
models prove that the total nutrient loads from the LfU study are underestimated, while the relative
contribution of the different nutrient emission pathways in the sub-catchments is plausible. This
confirms the results of different studies which found that including local know-how, soft information,
and more detailed field investigations improves modeling of diffuse nutrient pollution and water
quality [70,71].
Whereas the elimination of point sources caused a rather abrupt nutrient load reduction for Lake
Scharmützelsee [28], this was probably a more gradual process for Lake Langer See at the end of the
catchment. Lake Scharmützelsee responded to the reduction of nutrient loading with a distinct
change in trophic status and biota after about 13 years. This time delay is in the range of 10 to 15 years
as reported by Jeppesen et al. (2005) [72] for a variety of lakes independent of hydraulic residence
time. It was caused by internal load, by delayed seepage from septic systems [28] and due to the long
hydraulic residence time. Contrastingly, Lake Langer See is immediately influenced by changes of
inflowing water quality due to large catchment size relative to lake volume or area (Table 1) and short
hydraulic residence time (Tables 1 and 3). This lake acts more like a plankton reactor. It could be
shown that phytoplankton biomass is strongly influenced by the hydraulic residence time, the longer
the residence time, the more phytoplankton can grow (Figure 9). Due to its shallowness, frequent
mixing of the water column and, consequently, sufficient underwater light supply, nutrients are
converted into phytoplankton biomass very efficiently, indicated by a TP to chlorophyll a ratio
around 1 [17]. This lake depends on the water quality of all upstream lakes. In the course of lake
chains, seasonal effects (summer nutrient release) can be amplified [73].
Despite the improvement of water quality classes by one step, both lakes are not in the “good
ecological status” according to WFD. In-lake concentrations are still too high and biomass and species
composition do not match the lake type-specific reference status. The latter is the mesotrophic status
for deep and thermally stratified Lake Scharmützelsee with a relatively small catchment size and the
eutrophic status for the very shallow, polymictic Lake Langer See with a relatively large catchment
and low hydraulic residence time. According to the empirical models, a further reduction of TP load
by 20% would be necessary to meet the target value to achieve the good ecological status [52] in Lake
Scharmützelsee. However, the present TP load for Lake Langer See should be reduced by almost 45%.
Since the contribution of point sources is only small, nutrient inputs from diffusive sources, especially
for N from agricultural areas has to be reduced. However, some studies confirm, that nutrient loads
should be close to natural background concentrations to meet WFD water quality goals. This means
that land use would have to be drastically changed, which would be unrealistic from a socioeconomic point of view [2,71].
5. Conclusions
Following a period of intense anthropogenic eutrophication of surface waters in the last century,
great efforts have been undertaken in catchment restoration over the last few decades, mainly by
improving sewage collection and wastewater treatment. Despite significant improvements, only a
minority of 12% of lakes in Brandenburg (North German lowlands) meet the ecological quality
requirements of the European Water Framework Directive by the end of the first River Basin
Management Plan of the EC in 2015.
In-lake nutrient concentrations are still too high. The TN concentration especially deviates
significantly from lake type-specific target values, a clear indication of elevated diffusive imports
from the catchments. Thus, catchment size in relation to lake area or volume becomes a major
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predictor for the probability of lakes reaching at least a “good” ecological quality. With the present
level of diffuse nutrient emissions, many lakes fail the objectives of the WFD. This applies especially
to shallow lakes with a largely agriculturally used catchment. The deficits in catchment management
resulting in elevated nutrient emissions are amplified downstream lake chains, with downstream
lakes depending on delayed recovery and amplified seasonal effects (summer nutrient release) of all
upstream lakes. These lakes may fail to meet water quality goals in the long-term. Consequently,
either quality goals or land use practices require revision, as it was recently discussed by Carvalho
and co-authors [2]. This is of large practical relevance as deficits in nutrient import reduction may
increasingly be compensated by expensive substitute lake internal (technical) restoration measures
to meet the objectives of the WFD. Often, these measures erroneously combat an “internal nutrient
load” which is normally not significant if coupled with a sufficiently low import from the catchment
[74].
Strategies to reduce nutrient emissions are generally known and measures to reduce especially
N inputs in hotspots and sensitive areas have been published recently by the German Advisory
Council on the Environment (Sachverständigenrat für Umweltfragen, SRU) [75,76]: Existing legal
instruments for local protected-area management should be used to reduce agricultural fertilizer use.
Buffer zones should be established around nature conserves or sensitive areas. Intensive agriculture
in lowland peaty areas is questionable. A reduction of N emissions from agriculture should be
accompanied by a reformation of the common agricultural policy leading to an increase in agrienvironmental payments and an intensification of environmental requirements for agricultural
subsidies (maintaining permanent grassland, setting far-reaching requirements for ecological focus
areas, and crop diversification). A further step is to reform and strictly enforce the fertilizer
regulations, and the SRU recommends that the legal requirements related to good agricultural
practice must be specified.
Despite the frequent occurrence of N limitation, especially in shallow lakes [52], there are several
arguments for directing the management to reduce P availability: Many lakes seem to be closer to P
targets than to N targets, and catchment-wide reduction of DIN emission is difficult owing to its
chemical mobility. However, N-limited lakes should benefit from reduced N availability, and there
are indications that high N availability has adverse effects on reed and submerged macrophytes [57].
These secondary effects are likely to contribute to the difference between phytoplankton only and
EQC assessments found in our study. In practice, most catchment measures have multiple effects on
both N and P.
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