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SUMMARY

The quantification of lacustrine groundwater discharge (LGD) in water and nutrient balances of lakes is
challenging and thus often neglected. However, by carrying large nutrient loads, groundwater might play
a key role in a lakés nutrient budget even if its contribution to the water balance is small. In the present
study, we quantify the total annual LGD of a lake in northeastern Germany by the calculation of annual
groundwater recharge in the subsurface catchment. Furthermore, spatial variability of LGD is expected to
have significant influence on the nutrient balance due to heterogeneous nutrient concentrations. To
assess its spatial variability, LGD is calculated for single sites based on vertical temperature profiles of
the lake bed along the shoreline. The combination of the total LGD and the spatial LGD patterns allows
calculating LGD volumes for single shoreline sub-sections. These calculations reveal that a large portion
of the total LGD enters the lake within a relatively limited section of the shoreline. Scenarios including
different phosphorus concentrations demonstrate the importance of both, quantity and patterns of
LGD, when groundwater-borne phosphorus loads are calculated. At high, heterogeneous groundwater
nutrient concentrations, it is crucial for lake nutrient budgets to reliably determine LGD patterns and
volume.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Research on groundwater-surface water interactions focused
mainly on streams and rivers in the past decades (Kalbus et al.,
2006; Stonestrom and Constantz, 2003). Although there have been
some early studies on lake interactions with groundwater (e.g.
Meyboom, 1967, and a review by Winter, 1999) lake ecosystems
were far less intensely investigated. This may be attributable to
the fact that lakes had already been recognized as integrated
systems in limnology for a long time while hydrologists and stream
ecologists had predominantly been focusing on stream-specific
topics (Moss, 2012). A revision of this one-dimensional view on
river ecosystems might have led to the intense focus on the
interactions of streams and groundwater, rather than of lakes
and groundwater.

Furthermore, a general underestimation of the influence of
groundwater on the omnipresent phenomenon of lake eutrophica-
tion might have led to a strong focus on in-lake processes and
above-ground nutrient inputs. In this context, point sources of
nutrients were identified as major threats for surface waters. In
Europe, great effort was undertaken to reduce these point sources
during the last decades. However, a “good chemical and ecological
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status” as being demanded by the European Water Framework
Directive is still not established in many European freshwaters.
After a significant reduction of point sources it becomes more
and more obvious that the diffuse transport of nutrients into lakes
limits their ecological regeneration to a larger extent than previ-
ously expected. Gelbrecht et al. (2005) attributed this to an ongoing
nutrient leaching from agricultural areas on the one hand, and to
the degradation of natural retention areas on the other hand.
Widely discussed is also the contamination of groundwater by
domestic wastewater exfiltration from faulty sewers and septic
systems (Bremer and Harter, 2012; Katz et al., 2011; Ptacek,
1998; Robertson, 2008). Apart from the causes of groundwater con-
tamination, the quantification of resulting nutrient loads to lakes is
difficult and still lacking practical approaches. As a consequence,
the groundwater path is often disregarded which might lead to a
severe underestimation of its impact on the trophic state of a lake.

In the case of Lake Arendsee in northeastern Germany the
groundwater path was also disregarded as a source of eutrophica-
tion. During the last four decades an increase of total phosphorus
(TP) concentrations in the lake water from 0.15 to currently
0.19 mg 1I=! has been observed. As a result, severe blooms of cyano-
bacteria occurred periodically, which have stimulated discussion
and request of lake restoration measures. While investigating
different phosphorus (P) sources, we detected high (>1mgl™')
concentrations of soluble reactive phosphorus (SRP) in some parts


http://crossmark.crossref.org/dialog/?doi=10.1016/j.jhydrol.2013.08.021&domain=pdf
http://dx.doi.org/10.1016/j.jhydrol.2013.08.021
mailto:meinikmann@igb-berlin.de
http://dx.doi.org/10.1016/j.jhydrol.2013.08.021
http://www.sciencedirect.com/science/journal/00221694
http://www.elsevier.com/locate/jhydrol

K. Meinikmann et al./Journal of Hydrology 502 (2013) 202-211 203

of the near-shore groundwater. Accordingly, we hypothesized that
groundwater-borne nutrients, especially P, have a significant im-
pact on the nutrient budget of the lake.

To reliably quantify the groundwater component in the P budget
of the lake, an approach is required that considers both spatial vari-
ations of P concentrations and spatial heterogeneities in lacustrine
groundwater discharge (LGD). These heterogeneities are introduced
by small- to medium-scale variability of the aquifer characteristics,
which in most cases are neither homogeneous nor isotropic (Rosen-
berry and LaBaugh, 2008). To address both, LGD quantity and qual-
ity, the approach needs to incorporate total LGD volumes as well as
spatial LGD patterns. Thus, we combine a method of point measure-
ments to detect LGD patterns with an integrating approach for total
groundwater recharge quantification. In particular, we hypothesize
that LGD into Lake Arendsee underlies a variety of small- to med-
ium-scale geologic and anthropogenic impacts resulting in a large
variability of LGD patterns along the shoreline. We furthermore
hypothesize that hydraulic head contour lines (as a prerequisite
for further investigations) do not depict this heterogeneity ade-
quately due to an insufficient number of groundwater observation
wells. Moreover, a large hydraulic gradient might indicate intense
groundwater exfiltration, but can also be a consequence of low
hydraulic conductivity (ks,c). Additionally, even an aquifer with a
high ks, can result in little exfiltration in case that its thickness is
small.

In recent years, using heat as a natural tracer has become more
and more popular in research addressing small- to medium-scale
interactions between groundwater and streams (Anderson, 2005;
Constantz, 2008; Stonestrom and Constantz, 2003). We thus
assume a great benefit by applying such a method also to ground-
water-lake interfaces. Vertical temperature profiles in the sedi-
ment of surface waters are a function of advective and
conductive heat exchange across the groundwater-surface water
interface. Significant differences between temperatures of ground-
water and surface water typically occur during summer and winter
seasons. Therefore, the curvatures of temperature gradients in the
sediment close to the interface represent the direction and inten-
sity of vertical groundwater exchange. As described by Schmidt
et al. (2006), a quantification of LGD rates from temperature
profiles is possible using the heat transport equation to calculate
the exchange rates. In the present study, temperature gradients
of the lake sediment were used to determine spatial LGD patterns
and intensity, rather than for calculation of absolute LGD.

Point measurements of LGD based on temperature depth pro-
files are combined with an integrating approach of groundwater
recharge calculation for the whole catchment in order to derive
LGD volumes for shoreline sub-sections. Based on a couple of
near-shore groundwater wells P loads of three scenarios are calcu-
lated to evaluate the necessity of segmented approaches. With this
study we demonstrate the importance of heterogeneities in LGD
for the accuracy of groundwater-borne nutrient loads in lakes.

2. Methods
2.1. Study site

Lake Arendsee in north-northeastern Germany (Federal State of
Saxony-Anhalt) is a deep stratified lake with a maximum depth of
50 m and a mean depth of about 30 m. A bathymetric map is pro-
vided in Hupfer and Lewandowski (2005). The lake covers an area
of 5.1 km?. Originally it was solely groundwater-fed and had no
surface in- or outflows. Nowadays, there are four drainage ditches
discharging to the lake. Three of them drain the subsurface catch-
ment of the lake, while the fourth transports an additional amount
of water from an adjacent watershed into the lake. Furthermore, an

artificial outlet exists, where a weir regulates the outflow. The sur-
face catchment (29.5 km? of size) is dominated by agricultural and
forest land use, while the homonymous city of Arendsee is situated
directly at the southern and south-western shoreline (Fig. 1A).
Inclination is low in the surface catchment and thus, no significant
surface runoff occurs.

For the subsurface catchment, previous (unpublished) studies
agreed on a mainly northern groundwater flow direction resulting
in LGD at the southern shoreline. However, size, shape, and
hydraulic characteristics of the subsurface catchment were un-
known. The setup of ten new groundwater observation wells at
four sites along the southern shoreline (Fig. 1A) at the beginning
of the present study revealed a variety of Pleistocene substrates.
Values for kg, ranged from 0.33 x 1074 t0 5.69 x 10~* m s~ ! in dif-
ferent depths from 3 to 34 m below surface, with maximum values
at Sites 2 and 3 (Fig. 1A and B). Furthermore, the borehole profiles
revealed that several near-surface aquifers exist that are hydrolog-
ically connected by geologic windows. The upper one, consisting of
Saalian substrates, is separated from the aquifer below by Saalian
or Holsteinian aquitards. South and south-east of the lake the
lower aquifer originates mainly from Pleistocene sediments of
the Saalian and Elstarian glacials. In western direction the deeper
parts of the aquifer become dominated by Miocene substrates.
However, the aquitard is not everywhere present, and thus, in
some areas the sediments form a single aquifer. In some parts,
the uppermost sediments consist of Pleistocene boulder clay
formations with low ks,, which also might have an influence on
LGD intensities at the shoreline (Fig. 1B). Groundwater SRP
concentrations at these four sites vary broadly between 0.08
and 1.21 mg SRP 1! with maximum concentrations at Site 3 in
Fig. 1A and B.

2.2. Delineation of subsurface catchment

The size of the subsurface catchment is a necessary prerequisite
to calculate groundwater recharge. We collected and evaluated
available geological data to select appropriate groundwater obser-
vation wells and used 33 wells for the delineation of the subsurface
catchment. Measurements were conducted at two consecutive
days in July 2012. There was no rainfall during the campaign and
a few days before. Thus, the measured groundwater heads can be
assumed to be in a steady state.

Based on groundwater head data and the lake water level,
hydraulic head contour lines were interpolated. All data were re-
ferred to sea level with the help of a tachymeter (Leica TSP 1200+).
Measured groundwater head data were interpolated to contour lines
by kriging using Surfer 8.0 (Golden Software®©). Catchment bound-
aries were defined as the divide between groundwater flowing into
the lake and groundwater flowing in other directions.

2.3. Mean annual groundwater recharge

According to the definition of a lake’s catchment the mean total
annual volume of LGD is equivalent to the mean total annual
groundwater recharge in the whole catchment. Groundwater re-
charge can be quantified by a range of different approaches and
methods have to be chosen carefully and on an individual basis
(Scanlon et al., 2002). Due to the medium scale of the subsurface
catchment, a method was chosen that calculates mean annual ac-
tual evapotranspiration ETa (Im~2yr~!) as a factor controlling
mean annual groundwater recharge. The approach by Glugla
et al. (2003) is a refined method to calculate ETa based on the
differential equation by Bagrov (1953):
dEfa _ ( ETa ' a
dProrr ET max




204 K. Meinikmann et al./Journal of Hydrology 502 (2013) 202-211

Lake Arendsee

%V\l’?\/"r%¥

5 \.Hamburg 3

T
I

® GW observation well Arendges «

i § 5 Berin)
— Drainage ditch o e §
[ surface catchment g 5 o
Col -
Land use ¢ e ¢
Forest ‘»\ “\
Cropland 7 ]
Grassland LQ Muni (
F T T el e
Urban area 0 1 2 km o

w E
ma.s. |
24
20
16
12
8
4
0
-4
-8
12
0 05 1km
Aquifer material: Aquitard material:

Pleistocene sediments

74 Low- to non-permeable Saalian
|:| Warthe sediment (Saalian stadial) M

and Holsteinian till and clay

|:| Drenthe sediment (Saalian stadial) .
Filter screen of groundwater
1,87 observation well with value for

:] Elstarian sediment -~
k,, (10m s*) indicated

C] Miocene sediment B

Fig. 1. Land use in the surface catchment and position of near-shore groundwater (GW) observation wells (A) and scheme of the geologic conditions along the southern
shoreline of Lake Arendsee (B). The black line along the southern shoreline in A represents the cross-section in B. Mean concentrations of soluble reactive phosphorus (SRP,
mg 1-1) observed in the different GW observation wells at each site are 0.09 (Site 1), 0.16 (Site 2), 1.21 (Site 3), and 0.08 (Site 4). Data are available from monthly or trimonthly
measurements from April 2010 to December 2012, and means are weighted by the thicknesses of geologic layers in which the wells are located.

where Py, (1m~2yr™!) is the corrected mean annual precipitation,
ETmax (mmyr~!) is the mean maximum annual evapotranspira-
tion, and n is the parameter of effectiveness. ET max is the result
of a land use-dependent modification of the mean annual potential
evapotranspiration ETpot (Im~2 yr~!) by a factor f. This modifica-
tion is one of several aspects that had been advanced compared
to the original method in order to represent land use and soil
parameters that influence site-specific ETpot. The method in general
aims to determine ETa from its ratio to ET max. For a known n this
ratio can be derived from the graphical depiction of the Bagrov-
Relation for any site of interest in Germany (Fig. 2). n represents site
conditions for the utilization of water and energy supply.

As a further advance of the method (Glugla et al., 2003), site-
specific values for both, n and f, can be determined by algorithms
which base upon the evaluation of extensive lysimeter and climatic
measurements in whole Germany and upon land use types. Six dif-
ferent land use types are covered by this method, namely sealed
areas, areas without vegetation, grassland, cropland, deciduous
forests and coniferous forests. Further data on specific field capac-
ity and other specifications (e. g. population ages of forest stands
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Fig. 2. Graphical scheme of the Bagrov-Relation (Eq. (1)) including corrected mean
annual precipitation (Py,,) and mean maximum annual evapotranspiration
(ET max) as well as the parameter of effectiveness n (modified from Glugla et al.,
2003).

and height of grassland vegetation) are required. Due to the avail-
ability of relevant soil data (especially specific field capacity) from
a database of the Federal State of Saxony-Anhalt, the calculations
were conducted at a higher spatial resolution than suggested by
Glugla et al. (2003). Combinations of these data with land use data
using ArcGIS 10.1 software (ESRI©) resulted in sub-areas for which
groundwater recharge calculations were done individually. Due to
a lack of this high resolution soil data for urban areas we used the
soil survey map of the German Federal Institute for Geosciences
and Natural Resources (BUK 1000, 1998), which presents soil types
at a lower resolution as originally suggested by Glugla et al. (2003).
The predominant soil types defined three further sub-areas located
in the area of the City of Arendsee. In these cases, values for specific
field capacity as a prerequisite for the following calculations were
chosen according to the recommendation of Glugla et al. (2003).
Calculations were conducted for only 70% of the urban area,
assuming a general portion of 30% being sealed and thus not con-
tributing to groundwater recharge. Urban sub-areas were further-
more treated as grasslands, since it can be assumed that most of
the unsealed area is covered with vegetation (e. g. lawns in public
parks or private gardens).

Values for n were employed to derive the ratio of ETa to ET max
for the sub-areas arising from intersections of soil and land use
data (Fig. 2). Resulting ETa is subtracted from Py, to derive the
total discharge R (Im~2 yr~1):

R =Py - ETa @)

Since inclination is not relevant in the catchment of the lake,
surface and lateral runoff were set to zero and groundwater re-
charge equals R. However, for crop- and grasslands, drainage water
extractions had to be considered. In general, such data are rarely
existent but in the present case study they were available as drain-
age intensities. Four drainage intensity classes were assigned to
single sub-areas of the catchment (0-30, 30-60, 60-90, and 90-
100% drainage intensity). They were combined with the aforemen-
tioned data using ArcGIS 10.1 (ESRI®©) to finally generate ground-
water recharge rates and volumes for each sub-area. To
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distinguish the results of these drainage calculations from actual
drainage measurements (see Section 2.4) we call them “calculated
drainage”.

2.4. Measured drainage water extraction in the subsurface catchment

A validation of groundwater recharge calculation was per-
formed using a dataset of a one-year-period of high resolution
measurements of discharge in the aforementioned drainage
ditches. The measurement equipment was mainly established for
the quantification of P loads from agricultural drainage discharging
into Lake Arendsee. Three of four drainage ditches contribute to
discharge generated in the subsurface catchment of Lake Arendsee
(Fig. 1A). The fourth ditch is situated outside of the subsurface
catchment of the lake and is thus not relevant in the present con-
text. Measurements were conducted close to the outlets into the
lake. In one case, discharge was measured in 10 min-intervals by
an ultrasonic flow measurement device. The other two ditches
were equipped with V-weirs and pressure sensors to record water
levels discharge and thus discharge in 30 min-intervals. The mea-
surement period was from beginning of August 2010 until the
end of July 2011.

2.5. Identification of LGD patterns using vertical lake bed temperature
profiles

Lake bed temperature profiles at Lake Arendsee were measured
approximately every 200 m along the southern part of the lake
shoreline, where according to the delineation of the catchment
LGD was expected to take place. LGD is known to primarily occur
close the shore (Kishel and Gerla, 2002) and to decrease at least
for homogeneous sediments with increasing distance to the shore-
line (McBride and Pfannkuch, 1975). Based on this we focused our
studies on the shoreline of the lake. Four vertical temperature pro-
files were obtained at each of 26 observation sites, arranged in
transects of increasing distance to the shoreline (0.5 m, 1 m, 2 m,
and 4 m, respectively). We used a stainless steel multilevel tem-
perature probe including 16 equidistant thermistors of the type
NTC 10 K (TDK EPCOS; Munich, Germany). Precision of the therm-
istors is £0.2 °C. They had a distance of 7 cm to each other and the
probe was installed with the upper two of the sensors placed in the
pelagic water of the lake. Profiles were generally measured down
to 0.91 m (n = 13). In some cases the sediments did not allow such
a deep penetration of the probe, but the measurement depth was
never less than 0.84 m (n=12).

Measurements were conducted in an eight-day-period at the
end of July 2012. In the eastern parts of the shoreline a section of
900 m was not covered by sediment temperature investigations
because a broad belt of shoreline vegetation inhibited access and
appropriate measurements.

The analytical solution of the heat transport equation results in
the vertical Darcy velocity q, (m s~!) (Bredehoeft and Papaopulos,
1965):

T(2) -1, exp(%%2) -1

T,-To exp (q’,’(’ffs G L) -1

3)

where L is the vertical extent of the domain where temperature
changes due to LGD (m), T(z) is the lake bed temperature (°C) at sed-
iment depth z (m), ps¢; is the volumetric heat capacity of the fluid
(Jm~— K1), Ky is thermal conductivity of the saturated sediment
(Js'm 'K™"), Ty is the temperature for z=0 (i.e. surface water
temperature, °C), and T; is the temperature for z =L (i.e. groundwa-
ter temperature, °C). The vertical Darcy velocity q, is derived by
minimizing the root mean squared error (RMSE) between the n

measured temperatures of a profile and the related simulated tem-
peratures (Schmidt et al., 2006):

2
1 exp(qzlﬁicfz,)—l
ST - | — L (T, —To)+T, 4
n;[, (exp(%&q)_1u 0)+To )

Boundary conditions were set to lake water temperatures for Ty
and to groundwater temperature for T;. Groundwater at the four
near-shore sites (Fig. 1) showed depth-dependent temperature dif-
ferences, ranging from 10.5 °C to 12.7 °C. Thus, in a first approach
T, was set to 11 °C, representing the mean temperature measured
in the ten wells. But for this case simulated temperature profiles
did not show good fits to the measured profiles. It seemed that a
value of 11 °C for T; was too low. Thus, T; was set to 13 °C, which
seemed to be plausible since near-surface groundwater showed
similar temperatures (12.7 °C in 2-4 m below surface, at site 4,
Fig. 1A) and most LGD was expected to originate from near-surface
groundwater and might thus be heated up to >11 °C during the
summer season.

The value for p;¢; is 4.19 x 10°°Jm > K' for water. According
to Stonestrom and Constantz (2003) Kz was set to 2] s~ ' m ™' K
for the predominantly sandy sediments of Lake Arendsee. Since
the temperature probe was inserted only about 1 m into the sedi-
ment it never covered the whole thickness L of the transition zone.

A range of different values for the transition zone L was tested
to identify the best fit of measured and simulated sediment
temperatures. This revealed that at low values for the transition
zone L LGD increases with increasing L while the RMSE of
measured versus simulated temperatures decreased. This observa-
tion was independent of the temperature T, at the lower boundary
(Fig. 3). T, was set to 13 °C which resulted in best fits in most cases
(Fig. 3E). Due to the fact that the RMSE did not change at L> 5,
L was set to 5m (Fig. 3C and D). Resulting values for q, were
converted from discharge velocity (ms™!) into daily LGD volume
(Im=2d71).

RMSE =

2.6. Combination of hydraulic methods

Finally, we combined the results of the total annual volume of
LGD and the LGD pattern to specify the amount of LGD for single
shoreline sub-sections. Please note that from lake bed tempera-
ture derived LGD volumes only the maximum value of a transect
was applied for further calculations. According to the numbers of
lake bed temperature transects the shoreline was divided into 26
sub-sections by cutting the shoreline at each midpoint between
two neighboring transects. The total annual volume of LGD based
on groundwater recharge was split into 26 portions (Qecn; in
1yr~!, in Eq. (5)) which considered the individual length [; of each
shoreline sub-section. The ultimate amount of LGD discharging
along a shoreline sub-section i (Q; in 1yr~!) was calculated by
the following equation:

Qi = Qrech‘i : g (5)
4

where q,; is the maximum LGD rate (Im~2d~!) derived from each

four lake bed temperature profiles in shoreline section i (q, in Egs.

(3) and (4)) and g, is weighted arithmetic mean (Im~2d~") of all

maximum lake bed temperature derived LGD rates (q,;) weighted

by the individual length of the shoreline section I;:

26
Z i li
- _ i=1

T =" (6)
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Fig. 3. Visualization of different parameters used in the heat transport equation (Eq. (3)). Boxplots of calculated lacustrine groundwater discharge (LGD) rates for T, = 11 °C
(A) and T; = 13 °C (B) and root mean squared errors (RMSE) of measured versus simulated sediment temperatures for different values of the thickness of the transition zone L
(m) for Ty = 11 °C(C) and T; = 13 °C (D). Note the irregular scaling of the x-axis in Fig.3A-D. Fig.3E shows an example for the results of temperature simulations for T; = 13 °C
(continuous line) and T; = 11 °C (dotted line), based on measured temperatures (empty dots) and L = 5 m. Simulations led to better fits and higher LGD for T = 13 °C (RMSE:

0.09, LGD: 106 Im~2d~") compared to T, = 11 °C (RMSE: 0.37, LGD: 691 m~2d").

2.7. Phosphorus loads

To evaluate the necessity to determine LGD patterns with high
spatial resolution we calculated three scenarios for groundwater-
borne P loads to Lake Arendsee. Analysis of TP and SRP concentra-
tions revealed that both are almost identical in this catchment.
Thus, all scenarios are based on groundwater SRP concentrations
measured at the four near-shore sites along the southern shoreline
(Fig. 1A). At each site, either two or three groundwater observation
wells are set up in different aquifer depths (Fig. 1B). Results of
monthly or trimonthly measurements of SRP from April 2010 to
December 2012 were available for each well. The four SRP concen-
trations used in the present study are means of these measure-
ments, weighted by the thicknesses of geologic layers in which
the wells are situated. Given that in many other case studies only
a single groundwater observation well is available (if at all), Sce-
nario 1 consists of four variants (1a to 1d), each based on the SRP
concentration of one of the four sites for all 26 shoreline sub-sec-
tions. They correspond in their order to the order of the groundwa-
ter observation wells in Fig. 1A, with SRP concentrations of
0.09mgl~!(1a),0.16 mgl~! (1b), 1.21 mg 1! (1c), and 0.08 mg 1!
(1d). P loads of each variant were calculated by multiplying the
annual LGD volumes of each of the 26 shoreline sub-sections
(Q; in Eq. (5)) by the corresponding SRP concentrations and sum-
ming up all 26 P loads. In Scenario 2, SRP concentrations all four
sites were included simultaneously. Annual LGD volumes of the
26 sub-sections were multiplied by the mean SRP concentration
of the closest measurement site. Scenario 3 considered the large
heterogeneity of the near-shore groundwater concentrations at
the four sites. The actual variation of the SRP concentrations in
the near-shore wells might be log-normal distributed. Thus, for
this scenario we assumed that SRP concentrations in the LGD of
the 26 segments are as well log-normal distributed and that the
concentrations found in the four groundwater observation wells
characterize the arithmetic mean and the standard deviation
of the log-normal distribution sufficiently well. With Microsoft
Excel, we calculated 250 data sets, each consisting of 26 random
SRP concentrations, which were log-normal distributed with the

same arithmetic mean. We furthermore restricted the standard
deviation to a 37% smaller value compared to the original standard
deviation in order to avoid excessively high SRP concentrations.
Each of the 26 SRP concentrations was assigned to one of the 26
shoreline sub-sections and multiplied by the corresponding annual
LGD volume. Summing up all 26 values resulted in the total annual
groundwater-borne P load of that data set. Thus, we finally ended
up with 250 different groundwater-borne P loads in Scenario 3.

3. Results
3.1. Delineation of subsurface catchment

Hydraulic head data of 33 groundwater observation wells in the
surrounding of Lake Arendsee facilitated the delineation of its
subsurface catchment. The size and shape of the catchment were
derived from the resulting hydraulic head contour lines. The catch-
ment covered an area of 15.2 km? with a main expansion south-
easterly of the lake (Fig. 4A). Dominating land use types were
cropland and forest (35% each). The city of Arendsee, located
directly at the southern shoreline, contributed with 14% and grass-
land with 18% to the area of the subsurface catchment (Table 1).
Hydraulic head contour lines indicated a northern groundwater
flow direction, with a steep hydraulic gradient in the western part
of the catchment in the vicinity of Lake Arendsee that flattened in
eastern direction (Fig. 4A).

3.2. Annual groundwater recharge and calculated drainage

Combinations of soil types and land uses in the subsurface
catchment (Fig. 4A and B) resulted in 51 sub-areas for which
groundwater recharge was individually calculated. Four land use
types were included, as there are coniferous forest, cropland, grass-
land, and urban areas. Groundwater recharge rates were lowest in
forested areas and highest in the urban area (Table 1). Croplands
and grasslands differed in annual groundwater recharge rates
(130 and 102 1m~2yr~!, respectively), while the calculation of
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Fig. 4. Dominating land use types and hydraulic head contour lines (in m above sea level, narrow black lines) in the subsurface catchment of Lake Arendsee (bold black line),
derived from hydraulic head measurements of observation wells (black triangles) in July 2012 (A). Soil types in the catchment of Lake Arendsee (B).

Table 1
Mean annual groundwater recharge rates (Im~2yr~') of different land use types in
the subsurface catchment of Lake Arendsee, calculated according to Glugla et al.
(2003).

Area (km?) Groundwater recharge
rate (Im—2yr ')

Forest 53 45
Cropland 5.3 130
Grassland 24 102
Urban area 2.2 189

0.8

m LGD
0.7
Drainage water extraction

0.6 |
~ 05
.
=
@ 0.4
£
2 03

0.2

0.1

0.0 -

Forest Cropland Grassland Urban area

Fig. 5. Volumes of drainage water extracted from agricultural areas and land use
dependent mean annual contribution to lacustrine groundwater discharge (LGD)
(Mm?®yr~!) derived from groundwater recharge calculations for the subsurface
catchment according to Glugla et al. (2003).

drainage from drainage intensity classes resulted in similar values
for absolute volumes (0.37 and 0.39 Mm?> yr~', respectively, Fig. 5).
Taking the land use in the catchment into account, croplands con-
tributed most to the LGD volume of Lake Arendsee (0.69 Mm?> yr~!)
followed by urban areas, mainly represented by the city of
Arendsee (0.41 Mm?yr!), grasslands and forests (0.25 and
0.24 Mm>yr~!, respectively) (Fig. 5). Accordingly, 1.27 Mm?>
entered Arendsee as total groundwater discharge per year (after
having subtracted 0.32 Mm?> for drinking water supply), while
calculated drainage water extractions summed up to for
0.76 Mm?> yr .

3.3. Measured drainage from agriculture

The one-year-period of drainage water measurements at the in-
flows of the drainage ditches to Lake Arendsee resulted in an over-
all drainage volume of 1.54 Mm?. This exceeds the calculated mean
annual drainage water extraction (0.76 Mm?), and can be attrib-
uted to an above-average amount of precipitation during the year
of that study. While mean annual precipitation sums up to
593 1 m~2 (1976-2007), this value was 746 ] m 2 in the measure-
ment period from August 2010 until the end of July 2011. Mea-
sured drainage at the inflows to the lake accounted for 13.7% of
precipitation, while a value of 8.4% of Py, was calculated to dis-
charge as drainage water from agricultural areas.

3.4. Spatial patterns of LGD

In many cases, the four measurements along one transect re-
vealed a decrease of LGD with increasing distance to the shoreline.
This decline occurred independently of flux intensities although
sites with generally high LGD rates still showed high rates at large
distances to the shoreline (Fig. 6) while sites with less intense LGD
often did not reveal any LGD at these distances any more. We
found maximum LGD rates in the central reach of the southern
shoreline while in eastern and western directions, LGD was gener-
ally lower (Fig. 7). Also within the central part of the southern
shoreline variation of LGD rates occurred: The maximum LGD rate
was 1221 m~2d~!, while adjacent LGD rates in this section varied
between 60 and 108 I m~2d~". In western direction LGD rates de-
creased with one exception in a little bay at the south-western
shoreline where LGD was much higher than at neighboring sites.
A slight increase of LGD is also found along the eastern shoreline,
although the subsurface catchment had a small extension in that
area.

3.5. Shoreline sub-section LGD amounts

The 26 shoreline sub-sections had a mean length of 196 m, with
a maximum of 245 m and a minimum of 113 m. This results from
different distances between single transects of lake bed tempera-
ture profiles due to restricted accessibility of the shoreline in some



208

0.0

K. Meinikmann et al./Journal of Hydrology 502 (2013) 202-211

0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0

Sediment depth, m

108 | m2d-! 106 | m2

d—1

80 | m2d-! 60 | m2d1

12 14 16 18 20 22

Temperature, °C

12 14 16 18 20

Temperature, °C

22

12 14 16 18 20 22

Temperature, °C

12 14 16 18 20 22

Temperature, °C

o Observed sediment temperature
—Simulated sediment temperature

Fig. 6. Profiles of lake bed temperatures and resulting LGD rates in different distances to shoreline (0.5, 1.0, 2.0, and 4.0 m from left to right).
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Fig. 7. Maximum LGD rates (Im~2d~') derived from transects of four sediment
temperature depth profiles at each observation site in Lake Arendsee. A 900 m-
reach along the north-eastern shoreline (shaded in grey) was not accessible and
thus excluded from sediment temperature measurements. Narrow black lines
represent hydraulic head contour lines (in m above sea level) in the subsurface
catchment (bold black line).

cases. Main LGD occurred within a section of 2.19 km at the south-
ern shoreline, where an amount 0.69 Mm?> yr~! of LGD is calcu-
lated. This equaled an amount of 54% of the total LGD entering

Table 2

P load, kg m yr'

25
P concentration, mg I''

Fig. 8. Random P concentrations (mg SRP1~!) for shoreline sub-sections and
resulting sub-sectional groundwater P loads calculated for Scenario 3. For compa-
rability P loads are normalized to P entering the lake along one meter of shoreline
during a one-year-period (kg Pm~'yr ).

the lake along 36% of the shoreline bordering on the subsurface
catchment and 24% of the total shoreline. Results normalized to
200 m shoreline sub-sections ranged between 0.004 and
0.093 Mm> yr 1.

3.6. Groundwater-borne phosphorus loads

Based on the results for annual LGD in sub-sections of the
shoreline, groundwater-borne P loads were calculated for three
different scenarios. P loads in the scenario-variants 1a, b and d
(based on the same single groundwater SRP concentration for all
shoreline sub-sections), range between 81 and 170 kg P yr—'. For
variant 1c the calculated P load is about ten times higher
(1307 kg Pyr~!, Table 2). Scenario 2, in which the SRP concentra-
tions of the four observation sites along the shoreline are

Means and coefficients of variance (CV) for the three different scenarios used for P load calculations. Results for sub-sectionial P loads are normalized to a P load entering the lake
along one meter of shoreline per year (kg m~! yr~!). Concentrations used for Scenarios 1a to 1d are mean SRP concentrations of one of the four near-shore groundwater (GW)
observation sites that are also used as SRP concentrations in Scenario 2 but are allocated to different sub-sections in that scenario. Scenario 3 uses random distributions of SRP
concentrations based on the arithmetic mean and standard deviation of the four measured SRP concentrations.

Scenario 1a Scenario 1b Scenario 1c Scenario 1d Scenario 2 Scenario 3
(0.09 mgl1) (0.16 mgl11) (121 mgl™1) (0.08 mgl)
Corresponding GW observation site in Fig. 1 1 2 3 4 1-4 -
n (different P concentrations of LGD) 1 1 1 1 4 26 - 250
n (different P loads of shoreline sub-sections) 26 26 26 26 26 26 -250
Mean P load of shoreline sub-sections (kg P m~" yr—') 0.02 0.033 0.255 0.016 0.081 0.079
cv 0.581 0.581 0.581 0.581 1.650 1.222
Total P load (kg Pyr—") 102 170 1307 81 425 212-891
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considered, results in an annual P load of 425 kg P yr~'. Scenario 3
was calculated for 250 variants resulting in total annual P loads
of 212-891kgPyr!. Mean P loads of shoreline segments
(normalized to P load discharging along one meter of shoreline
per year, ke m~! yr~!), and mean total P load (not shown) are sim-
ilar to those of Scenario 2 since the data set was created based on
this similarity. The maximum out of 26 - 250 SRP concentrations
was 3.71 mg 1. This seems to be quite high but measurements
of near-shore groundwater close to the surface (unpublished data)
revealed SRP concentrations of >4mgl~'. Thus, a value of
3.71 mgl~! is adequate to represent maximum groundwater SRP
concentrations. Coefficients of variance were the same for all
variants in Scenario 1 since LGD was the only variation between
sub-sections while concentrations were the same in all of them.
In contrast, coefficients of variance were clearly increased in
Scenarios 2 and 3 to a value of >1.

The impact of LGD on P loads is demonstrated by the compari-
son of P concentrations and resulting P loads in Scenario 3 (Fig. 8).
It becomes obvious that P loads can be low although the corre-
sponding P concentration is high and vice versa. For example, the
two maximum SRP concentrations generated in Scenario 3 (3.69
and 3.71 mg1~!) resulted in strongly differing sub-section P loads
(1.07 and 0.078 kem 'yr~!, respectively) because of different
LGD rates.

4. Discussion
4.1. Groundwater recharge

By calculating groundwater recharge according to Glugla et al.
(2003) based on the available data on land use and soil parameters,
the estimated groundwater recharge rates are reliable with a high
spatial resolution. Although the method is based on data for Ger-
many, comparable approaches should be available for any region
of interest, at least in humid climates. However, problems may
arise in many regions due to a lack of data concerning artificial
reduction of groundwater recharge. For example, as mentioned in
the result section, an amount of 0.32 Mm? of groundwater is annu-
ally extracted from the aquifer for drinking water supply. Another
ubiquitous reduction of groundwater recharge is the drainage of
agricultural areas for melioration. In the present study, 35% of
the total discharge (R in Eq. (2)) from croplands was calculated
to be drainage water (section 2.3), while this value even exceeds
60% below grasslands (Fig. 5). Mathematically, these drainage ef-
forts lead to a reduction of the actual groundwater recharge by
32% compared to original (natural) conditions. This highlights the
enormous impact of drainage for water balances of mainly agricul-
tural catchments. Nevertheless, quantitative information on drain-
age of agricultural plains might be hardly available and of limited
reliability. Depending on the context, this might restrict the valid-
ity of groundwater recharge calculations. In the present case, fortu-
nately, data on drainage intensities were available and additionally
confirmed by actually measured drainage volumes. Measured re-
sults were even higher than calculated, which underlines the
importance of drainage extractions for actual groundwater re-
charge in agricultural areas. However, the drainage portions of
13.7% (measured) and 8.4% (calculated) of Py, confirm the general
results of the groundwater recharge calculations, since the refer-
ence period experienced an amount of precipitation that was 25%
larger than the mean annual precipitation. This probably led to a
corresponding increase of drainage.

Although the urban area covers a relatively small portion of the
subsurface catchment (Table 1) it contributes the second largest
portion to the total LGD volume (Fig. 5). Considered as grassland
without drainage water extraction, groundwater recharge exceeds

rates calculated for agricultural grasslands by far although 30% of
the urban area is sealed and thus inactive regarding groundwater
recharge.

4.2. LGD patterns and P loads

A total of 33 groundwater observation wells is a fairly good ba-
sis for an overview of the hydraulic characteristics of a subsurface
catchment of this size. With these data, it is possible to determine
the spatial extent of the subsurface catchment with a high degree
of accuracy. Furthermore, the hydraulic head contour lines that are
interpolated from the groundwater head data reveal general
groundwater flow directions that confirmed the assumption of
main LGD in the southern part of the shoreline (Fig. 7). However,
they do not represent actual small scale heterogeneity of LGD at
the shoreline at all. Changes in geologic composition of the aquifer
material close to the lake are expected to cause substantial heter-
ogeneity in LGD. For example, coarse material embedded in less
permeable sediments may cause preferential flow paths, resulting
in significantly higher, but spatially isolated LGD rates (Krabbenh-
oft and Anderson, 1986). This might be the reason for the above
mentioned single site in the south-western part of the shoreline
showing a relatively high LGD rate. Another reason for increased
LGD at that site might be its location in an embayment. LGD in bays
is commonly larger since flow paths originating from different
directions are focused in these locations (Cherkauer and McKere-
ghan, 1991). Measured LGD rates at the eastern shore (public sand
beach) are surprisingly high and in no agreement with the size of
the catchment or the surface topography. We assume that the high
rates are caused by lake water recirculation. Sea water recircula-
tion is well known for submarine groundwater discharge (SGD;
Taniguchi et al., 2002). Due to the intense wave activity at the east-
ern shore lake water might recirculate at this shore. However, to
the best of our knowledge such a process has never been reported
for lacustrine settings.

Anthropogenic alteration of the shoreline might additionally af-
fect the LGD patterns. For example, shoreline stabilization might
inhibit LGD. Vegetation growth along the shoreline might cause a
decrease of LGD since vegetation usually results in an accumula-
tion of fine sediments, thus a lower hydraulic conductivity and
emersed vegetation might even result in a transpiration of subsur-
face water prior to its discharge into the lake.

Compared to what was expected based on hydraulic head con-
tour lines, sediment temperature profiles revealed that the
shoreline section of main LGD is shifted eastwards by several
hundreds of meters. Furthermore, using heat as a tracer showed
an intense variety of LGD rates on the medium-scale. This variety
occurred even within the limited section in the south of the lake
where LGD was largest (60-122 1 m~2 d"). It should be noted that
studies on small-scale heterogeneity of groundwater-surface
water interaction revealed a spatial variability that is beyond
the scale of the present study (e.g. Kishel and Gerla, 2002). But
these small-scale heterogeneities are likely superimposed by the
medium-scale local groundwater flow regime. A higher measure-
ment resolution of lake bed temperatures would have certainly
resulted in a finer pattern of LGD rates in the present study. How-
ever, it is doubtful whether that increase of accuracy is worth the
substantial effort of further field measurements. By upscaling the
results to shoreline sub-sections with a length of approximately
200 m we generally improved the qualitative and quantitative
description of LGD volumes and groundwater-borne P loads to a
large extent compared to integrating approaches. For the determi-
nation of P loads the knowledge of both, spatial patterns of
LGD and SRP concentrations is essential. This is illustrated by
the three different scenarios of P load determination (Table 2).
In Scenario 1, P loads of all 26 shoreline sections are based on
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the SRP concentration of a single groundwater observation site.
Consequently, P loads vary in the same range as sub-sectional
LGD volumes do and the section of intense P loads is consistent
with major LGD all along the southern shoreline (Fig. 7). In these
cases, the spatial pattern of LGD controls the P input to the lake.
With heterogeneous SRP concentrations in the discharging
groundwater a stronger variation in sub-sectional P loads occurs.
In the case of Scenario 2, the actually measured SRP concentra-
tions at four different sites imply a main P load in a relatively
short section at the south-southeastern shoreline around Site 3
in Fig. 1. Both, LGD and the SRP concentration are high in that
area. In other sub-sections P loads are low although LGD is
relatively high. This heterogeneity of P loads induced by SRP
concentration is also represented by a much higher coefficient
of variation (Table 2). However, P loads in Scenario 3 range from
212 to 891 kg yr~! which demonstrates the influence of spatial
LGD patterns on groundwater-borne nutrient loads, especially in
combination with heterogeneous nutrient concentrations.

If high variability of nutrient concentrations occur or are ex-
pected, spatial patterns of LGD should be carefully considered: Sce-
nario 2 results in an overall P load of 425kgyr~!. Without
considering the results of lake bed temperature measurements as
a weighting factor for spatial LGD patterns, the calculation of the
P load yielded only 327 kg yr~'. This deviation of approximately
25% might still be acceptable compared to uncertainties of other
input paths in the P balance of the lake. However, the relatively
good agreement of the calculation with and without weighting fac-
tor is based on the fact that that the zones of major LGD volumes
and highest groundwater SRP concentrations coincidence in the
present case study. As illustrated by Scenario 3 total P loads can
broadly vary because of this dependency of P loads on both LGD
volumes and SRP concentrations (Table 2).

Furthermore, not only actual values for nutrient loads but also
the localization of their sources might be of interest. LGD patterns
help to find hot spots or sections of intense nutrient exfiltration
along the shoreline. Tracking back groundwater flow directions
from there might help to identify contaminated sites. Another rea-
son for taking LGD patterns into account is the planning of effective
in situ-restoration measures.

However, uncertainties in LGD pattern identification might
arise from improper estimation of boundary conditions in the
procedure of solving the heat transport equation (Egs. (3) and
(4)). As described above, groundwater temperatures might vary
in time, as well as in horizontal and lateral space. The approach
is designed for assumed 1-D vertical fluxes only, although actual
groundwater flow lines would describe a mixture of both, vertical
and lateral fluxes (Rosenberry and LaBaugh, 2008). In the present
case relatively high temperatures for the lower boundary condi-
tion L indicate a rather lateral inflow of near-surface (and thus
warmer) groundwater. This issue is especially discussed by
Ferguson and Bense (2011). Further uncertainty might be intro-
duced by the term of thermal conductivity (Ky). This value is com-
monly estimated from literature, since its empirical determination
is elaborate, especially under heterogeneous sediment conditions.
In general, values for Ky in saturated sediments vary only little
(between 1.4]Js !'m~1K™! for clayey and 2.2]s'm~'K™! for
sandy sediments, as shown in Stonestrom and Constantz, 2003).
Nevertheless, this might be an important factor if absolute
LGD rates are required, since resulting exfiltration rates change
by the degree of changes in Kg. If, as in this study, resulting
LGD rates are not processed as absolute results, but used as a
measure for exfiltration intensity, this issue is reduced. Many cri-
tiques for using heat as a tracer for groundwater-surface water
interactions deal with different aspects of diverse boundary condi-
tions (Ferguson and Bense, 2011; Kalbus et al., 2006; Schmidt
et al,, 2007).

5. Conclusion

Calculating groundwater recharge in the catchment to deter-
mine the groundwater component in the water balance of a lake
is no new approach. However, special care is required when the
water balance serves as a prerequisite of the nutrient budget. As
shown in the present study, it might be insufficient to multiply
the total annual LGD volume with the mean groundwater nutrient
concentration to determine the absolute nutrient load. Spatial het-
erogeneities of groundwater quality and LGD need to be consid-
ered carefully for reliable quantifications of groundwater-borne
nutrient loads. Unfortunately, an adequate number of groundwater
observation wells or other possibilities to capture heterogeneities
in nutrient concentrations are often not available. Thus, the nutri-
ent concentrations finally applied to the setup of the budget under-
lie some uncertainty. If the total LGD volume is imprecise, a factor
of uncertainty is imposed on the nutrient budget. If additionally
fine-scaled spatial patterns of LGD are unconsidered, further
uncertainty is introduced. Accordingly, the groundwater impact
on the lakés ecosystem might be severely over- or underestimated.
As a consequence, this might even lead to a failure of restoration
efforts, if measures are based on insufficient nutrient budgets.

The presented approach of combining total groundwater re-
charge volumes and LGD patterns drastically reduces the uncer-
tainty of the groundwater component in the nutrient balance of
Lake Arendsee. Uncertainties of temperature based LGD rates are
minimized by reducing their role to a weighting factor (instead
of using absolute values) for groundwater recharge calculations.
Different scenarios proved the great importance of spatial LGD pat-
terns for groundwater-borne nutrient loads.
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