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Abstract: This study explores the under-investigated issue of groundwater-borne geogenic
phosphorus (P) as the potential driving factor behind accumulation of P in lake sediment. The annual
internally released P load from the sediment of the shallow, hypereutrophic and groundwater-fed
lake, Nørresø, Denmark, was quantified based on total P (TP) depth profiles. By comparing this load
with previously determined external P loadings entering the lake throughout the year 2016–2017,
it was evident that internal P release was the immediate controller of the trophic state of the
lake. Nevertheless, by extrapolating back through the Holocene, assuming a groundwater P load
corresponding to the one found at present time, the total groundwater P input to the lake was found
to be in the same order of magnitude as the total deposit P in the lake sediment. This suggests that
groundwater-transported P was the original source of the now internally cycled P. For many lakes,
internal P cycling is the immediate controller of their trophic state. Yet, this does not take away the
importance of the external and possibly geogenic origin of the P accumulating in lake sediments,
and subsequently being released to the water column.

Keywords: internal phosphorus release; geogenic phosphorus; groundwater-borne phosphorus;
groundwater-surface water interaction; phosphorus cycling

1. Introduction

It is well established that eutrophication of freshwater lake ecosystems is controlled by nutrient
input, and in particular the availability of phosphorus (P) [1–4]. In many eutrophic lakes, internal
P release, derived from P accumulated in the sediment, is the most important component of the
annual P cycle [5–9]. Various processes affect the exchange of P between the water column and
the sediment. These include chemical (e.g., redox conditions, nitrate and sulphate availability, pH,
alkalinity), biological (e.g., biomineralization), and physical processes (e.g., bioturbation, resuspension,
discharging groundwater) [10–16].

The redox conditions in the surface sediment strongly affect the sediment’s capacity to bind P [10],
especially for sediments with a high iron content [15,17–19]. Phosphorus is sorbed to Fe-oxides under
oxidized conditions, while under reducing conditions, microbial respiration uses the ferric iron as
electron acceptors, subsequently remobilizing some of the sorbed P to the water column [14,17,19].
Accordingly, higher sediment temperatures during summer lead to accelerated biomineralization [20],
which is accompanied by an increase in P release due to development of anoxia in the surface
sediment [5,6,20]. In winter, lower temperatures inhibit biomineralization and enable a sufficient supply
of oxygen to the sediments to establish a high redox potential, which leads to P retention by Fe-oxides. In
addition, a downward flux of P bound in organic matter occurs as primary producers sink to the bottom.
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Thus, P is particularly re-accumulated in the sediment during winter. This seasonally-dependent
process results in higher lake-water P concentrations during the summer than in winter [9,21–23].
Throughout the year, though mainly during the summer, a continuous long-term P mobilization driven
by mineralization of slowly biodegradable organic compounds [23] and reducible Fe-oxides buried
deeper in the sediment in preceding years, may also occur. It should be emphasized, however, that
only a proportion of the Fe-oxides buried in the sediments are re-mobilized and returned to the water
column. The rest is permanently buried in the lakes sediments [23].

Phosphorus accumulated in the lake sediment originates from external P sources entering the lake.
The magnitude of the P pool accumulated in the sediment is lake-specific, depending on loading history,
flushing rate, and chemical characteristics of the sediment [4,5,22,24]. Particulate P (PP) entering the
lake most often settles directly by gravity on the lake-bed [25]. In contrast, dissolved P (DP) remains
in the water column until incorporated in organic matter, co-precipitated with calcium carbonate or
adsorbed by Fe-hydroxides, which all eventually sink to the bottom. When looking for the root cause
of the trophic state of a lake, internal P release is therefore only indirectly relevant.

External P loads are generally associated with surficial hydrological pathways [26–29], due to the
common assumption that P is retained readily in the vadose zone, during percolation, before it reaches
the aquifer [30,31].

Awareness of groundwater-transported P has increased in recent years and been proven as a more
important contributor of external P than previously assumed [32–38]. Substantiating evidence for this
hypothesis was reported by Kenoyer and Anderson [39], Vanek [40], Shaw et al. [41], Kidmose et al. [36],
and Meinikmann et al. [42]. These studies found that groundwater-borne P can account for more than
half of the external total P (TP) load to a freshwater eco-system. So far, however, studies of external
groundwater-P loading to eutrophic lakes have not considered the importance of internal P release.
Moreover, research focusing on internal P release does not, to our knowledge, include cases where
groundwater-P loading is the main external contributor of P.

Furthermore, enriched P concentrations in eutrophic freshwater ecosystems are generally
considered to originate from anthropogenic surficial-deposited P sources such as agricultural fertilizers,
sewer overflows, wastewater treatment plants, and septic tanks [28,43–46]. The impact of long-term
loadings by geogenic P, released by natural processes, is only rarely considered and documented,
especially in relation to groundwater-transported P to freshwater ecosystems.

The objectives of this study were therefore to: (1) investigate whether groundwater-borne geogenic
P can potentially be the driving factor behind accumulation of P in a lake’s sediment, (2) investigate
whether this could also apply for lakes where internal P cycling is the immediate controller of the
trophic state of a surface freshwater ecosystem, and (3) assess the possibility that the P accumulated in
the sediment, where a fraction is being internally cycled, may have entered the lake with groundwater
throughout the Holocene.

2. Materials and Methods

2.1. Study Site

Nørresø is a shallow (mean depth 2.3 m, maximum depth 5.7 m [47]), high alkalinity (water
column alkalinity ~3 meq/L), and hypereutrophic (annual mean: 330 µg P/L) lake located in a glacial
moraine landscape in southwestern Fyn, Denmark (55◦08′50” N, 10◦22′40” E) (Figure 1a). The lake has
a surface area of 69.3 ha, including three small islands: Lucieø, in the eastern part of the lake, with a
prominent perennial spring, and two unnamed islets. Nine small streams discharge into the lake
(Figure 1b), numbered 1 to 9 in order of decreasing annual P loading to the lake. This numbering was
based on the relative size of the annual dissolved inorganic P (DIP)-flux quantified by Nisbeth et al. [48].
Stream 1 and the spring on Lucieø both represent anoxic groundwater discharging from a regional
confined aquifer, with geogenic P and ferrous iron concentrations of ~150 µg P/L and 1700 µg Fe/L,
respectively [49]. Stream 2 drains a small lake, Hjertesø, north of Nørresø. The other streams represent
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surface water of which just one, stream 3, receives water from drainage pipes connected to a large
agricultural field located to the west of Nørresø (Figure 1b). Nørresø has one surface water outlet at
the western end of the lake.
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Figure 1. (a) Location of Nørresø in the southern part of Fyn, Denmark. (b) Locations of the outlet,
the nine inlet streams and their respective numbering, and of station 1 and 2 from where sediment
were cored in the present study. The small island, Lucieø, hosts a spring. A small lake, Hjertesø, north
of Nørresø, is indicated. Dashed white lines indicate lake bathymetry in meters [47].

Table 1 shows the water balance of Nørresø compiled by Nisbeth et al. [48]. Quantification of
the different numbers in the water balance was inferred from a year-long record of the lake’s water
levels, stream and spring discharges to the lake, and the water output via the outlet. Precipitation
and evaporation data were extracted from a database compiled by the Danish National Monitoring
Program for Aquatic Environment and Nature [50]. Groundwater was assumed to enter the lake via
the spring and stream 1, combined with hot spots in the lake-bed. The latter groundwater contribution
was calculated as the residual in the water balance. During the hydrological year from the 6th of
June 2016 to the 21st of June 2017, Nørresø received 450,000 m3 groundwater compared with 110,000 m3

surface of water. Precipitation and evaporation amounted to 410,000 m3 and 550,000 m3 respectively,
and the outlet discharge was 480,000 m3. The lake’s hydraulic retention time is 1.6 years.

Table 1. Water balance components of Nørresø (6 June 2016 to 21 June 2017, [48]).

In (m3/yr)

Groundwater input 450,000
Precipitation 410,000
Surface water input 110,000

Out (m3/yr)

Lake evaporation 550,000
Outlet 480,000

Storage change (m3/yr) −60,000

Lake hydraulic retention time (yr) 1.6

The current mean lake-water table is 40.76 m above sea level and the seasonal variation is 0.1 m.
The elevation of the water table has varied over millennia. From 13,000 cal. yr BP to about 7500 cal. yr
BP, the lake was a closed basin with a low water level. After 7500 cal. yr BP, the lake had an outlet [51].
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In the early 1900s, according to historical maps, the lake was somewhat more extensive with a water
level of 41.2 m above sea level [48].

Besides water-borne contributions of P to the lake, other potential sources of P include bird
droppings from a colony of cormorants (Phalacrocorax carbo) found at the margin of Nørresø, and leaf
fall. Historically, the area around Nørresø has seen major changes in cultivation. For instance, from 1785
to 1885, half of the area was forest, with the other half used for agriculture. Today, 90% of the catchment
is forested. Nonetheless, pollen analyses indicate that the lake was surrounded by forest or at least
a rim of forest along its perimeter during the Holocene [52]. Lake stratification was not observed in
Nørresø [47,53], most likely due to the shallow depths relative to the surface area, combined with
exposure to westerly winds. The lake is therefore assumed to be well-mixed. Paleolimnological studies
indicate that Nørresø is, and probably was throughout most of the Holocene, a eutrophic lake [51].

2.2. Data Collection

In order to meet the objectives of the current study, the overall research approach was to: (i) Establish
the P contribution to the lake via discharging groundwater, on the basis of previously determined
external P loads entering the lake throughout the year 2016–2017 [48]. (ii) Use Vollenweiders P mass
loading model [54] to estimate the amount of accumulated total dissolved P (TDP) in the lake-water
column driven by external P loadings. (iii) Estimate the annual internal-P release contribution to
the lake-water column based on the summer vs. winter-deficit in the total P content in the lake-bed
sediments. (iv) Evaluate the possible role of geogenic groundwater-borne P as a controlling factor for P
accumulated during the Holocene. The evaluation was based on an estimate of the total amount of P
accumulated in the sediment, which was compared with an estimate of the total groundwater P input
to the lake, from the beginning of the sediment-P accumulation and until present.

2.2.1. External Phosphorus (P) Loadings

Investigation of the different external waterborne sources of P entering Nørresø was conducted
by Nisbeth et al. [48] during 2016 to 2017. Their quantification of the external P loadings was based on
the water balance of the lake (cf. Table 1) and the associated measured P concentrations of the different
water components. The groundwater contribution was assumed to come from the Lucieø spring and
stream 1, combined with a calculated residual groundwater input, based on the water balance.

Observed TDP concentrations for the lake, the outlet, as well as streams 1, 2, and 3, were similar
in values (within ~10%) to TP monitoring concentrations published by the Danish Ministry of
Environment and Food [55]. It is therefore assumed that TP mainly consists of TDP and thus the
measured TDP concentrations are representative of the P balance at Nørresø (i.e., particulate P is of
secondary importance).

2.2.2. Water Sampling and Dissolved P Analysis

Water sampling from the spring, the nine inlet streams, and the outlet were conducted, on average,
once every month from June 2016 to December 2017 (see Figure 1 for sampling points). The samples
were vacuum filtered in the field with 0.22 µm Minisart Sartorius cellulose acetate membrane filters,
directly into polyethylene vials, and then preserved with 2 vol% 2 M H2SO4. See Nisbeth et al. [48] for
a more detailed sampling description. Dissolved inorganic P concentrations in the samples were
determined spectrophotometrically by the molybdenum-reactive P method [56]. TDP was measured as
DIP after wet oxidation by potassium peroxydisulphate. Dissolved organic P (DOP) was calculated as
the difference between total TDP and DIP. Due to the fully mixed conditions in Nørresø, TDP, and DIP
concentrations for the outlet are assumed to be representative of the entire lake.
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2.2.3. Mass-Loading Model of lake Water Column P

It is possible to evaluate whether the accumulated TP concentration in a lake water column is
predominantly controlled by external P loadings, by using the P mass loading model of Vollenweider [54],
usually expressed as:

TPlake =
TPin

1 + στw
(1)

where, TPlake is the TP concentration in the lake (mg/m3 or µg/L), TPin is the flow-weighted TP input
concentration (mg/m3 or µg/L), τw is the lake hydraulic retention time (yr), and σ is a first-order rate
constant (yr−1) for P loss.

Two important assumptions apply in the derivation of Equation (1). (i) The lake is well mixed and
at a steady state, thus the TP concentration in the outlet represents the TP concentration in the fully
mixed lake. (ii) The TP can be removed from the water column by either advection (i.e., via the outlet)
or by one or more first-order processes occurring within the lake. The latter is assumed to represent
net loss due to sedimentation, since this is the dominant internal process driving TP concentration in
the water column [57]. Note that the model does not consider P input from internal P release, hence it
expresses an estimation of the accumulated TP in the water column if external loads are the only input
of P.

Brett and Benjamin [58] conducted a statistical assessment of various mathematical expressions
for σ. They found that σ was the best predictor of TPlake when expressed as the inverse function of the
lake’s hydraulic retention time:

σ = kτx
w (2)

where, k = 1.12 ± 0.08 yr−0.47 and x = 0.53 ± 0.03 are constants. By combining Equation (1) and
Equation (2), we obtain:

TPlake =
TPin

1 + kτx
w × τw

(3)

Equation (3) was applied to the data from Nørresø assuming well-mixed conditions and that TDP
corresponds to TP concentrations.

2.2.4. Estimation of the Internal P Release Load

In the present study, the internal P release load, which is released to the water column during a
year, is assumed to be constituted by: (i) A rapid seasonal mobilized P pool (Pseasonal_released) released
from the upper sediment, combined with (ii) a slowly long-term mobilized P pool (Plongterm_released),
mobilized by mineralization of slowly biodegradable organic compounds and Fe-oxides under low
redox potential.

Phosphorus in freshly settled material, containing easily degradable organic matter and
redox-sensitive P, accumulated during the winter, is rapidly mobilized and released during the
summer. The depth of the sediment layer in which the rapid mobilization of P occurs is hence
reflected by a seasonal variation in the sediment TP depth profile. This layer is referred to as the active
mobilization layer. In Nørresø the lower boundary of the active mobilization were found at 7 cm depth.

The Pseasonal_released pool was estimated as the difference in TP content (in mg P/g DW/cm) between
the winter and summer cores in the active mobilization layer (i.e., upper 7 cm), multiplied by the
depth-specific dry-weight density (g DW/cm3). This quantity difference was then multiplied by the
lake surface area, to obtain the total amount of Pseasonal_released in the lake.

Assuming that the TP content in the sediment during summer represents the P remaining in
the sediment after the release of the easily mobilized P, a decrease in the summer TP content with
increasing depth in the active mobilization, may reflect the mobilization of the long-term mobilizable
P pool.

The annual released P from the Plongterm_released pool was hence calculated as the difference in TP
(in mg P/g DW/cm) between the upper sediment sample and the TP content at 7 cm depth, multiplied
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by the mean sediment dry-weight density (0.071 g DW/cm3) and subsequently divided by the age of
the sediment at 7 cm. According to a previously established age-depth model for Nørresø, the upper
7 cm of the sediment represents 50 years of deposition [51]. The Plongterm_released pool is further based
on assumptions of constant P-sedimentation rates during this 50-year period.

The mineralization rate presumably decreases with increasing depth once these easily degradable
compounds are gone. Hence, the TP content decreases exponentially, reaching a steady state at the
lower boundary of the active mobilization layer. Accordingly, a significant decline in the TP content
beneath the active mobilization is believed more likely to reflect a change in the sedimentation rate
than an additional mobilization of P.

2.2.5. Total P Sediment Depth Profiles

Lake sediment cores (n = 12) were collected on two dates, on 24 July 2017 (summer) and on
9 April 2018 (winter). The winter coring was conducted relatively late due to an unusually cold and
long winter period, during which the lake was covered by ice [59]. The sampling was conducted with
a Kajak gravity corer [60] using a 40 cm long core with an inner diameter of 5.2 cm. At each of the
dates, three cores were collected at each of the two sampling stations (i.e., n = 2 stations × 3 cores ×
2 dates = 12 cores in total). Station 1 (Figure 1b), represented the deepest part of the lake (water depth
~5 m), and station 2, represented the mean water depth of 2.3 m.

In the laboratory, each sediment core was sectioned in 1 cm intervals from 0 to 10 cm depth.
Thereafter, three additional 1 cm samples were collected at 15, 20, and 25 cm.

The total P content of the individual sediment samples was determined after drying the sediment
for 24 h at 105 ◦C followed by combustion at 520 ◦C for 8 h. The combusted sample was boiled for one
hour in 120 ◦C 1 M HCl. Total P was then measured as DIP in the extract by the molybdenum-reactive
P method [56]. Each sediment sample was analyzed individually, after which mean values for each
sectioned depth of the summer and winter cores respectively, were calculated by combining the six
sediment samples from the two stations (n = 6 for each depth interval).

The dry weight (DW) content of the sediment was determined gravimetrically, before and after
drying the samples at 105 ◦C.

2.2.6. Sediment-P Composition

A general idea of the P composition of the sediment was obtained by determining the depth
profiles of eight different P fractions in the sediment. In accordance with the P sequential extraction
technique presented by Paludan and Jensen [61], quantification was conducted by extracting: (i) Loosely
sorbed water-soluble P (PWater), (ii) redox-sensitive bicarbonate-dithionite (BD; 0.11 M NaHCO3 +

0.11 M Na2S2O4) extractable P (PBD), (iii) 0.1 M NaOH extractable P (PNaOH), (iv) 0.5 M extractable
HCl-soluble P (PHCl), and finally, (v) residual P not extracted (PRes).

The humic-bound organic P fraction (OPHumic) was determined by acidification of the NaOH
extractant to pH ~1 with 1.5 mL 2 M H2SO4, which led to the flocculation of humic acids after two
days [61]. The humic acids was separated by filtration with Whatman GF/C filters, combusted (520 ◦C,
8 h), and extracted by 1 M 120 ◦C warm HCl for 1 h before analysis as DIP. Non-reactive P (nrP),
which is assumed to represent organic labile P compounds [62,63], was calculated as the sum of the
differences between TDP and DIP in the PWater, PBD, and PNaOH fractions. PRes was determined on the
remaining sediment after the sequential extraction technique. The sediment was dried and combusted
at 520 ◦C for 8 h, followed by one hour in 120 ◦C 1 M HCl, and PRes was then measured as DIP in
the extract.

Inorganic P in the different extracts (DIP) was determined by the molybdenum-reactive P
method [56], and TP in the extracts (TDP) was detected by inductively coupled plasma-optical emission
spectrometry (ICP-OES; detection limit 4 µg/L), with the exception of PHCl, since this fraction only
represents inorganic P. In the result section the different P fractions are named according to the form in
which they occurred in the sediment (e.g., as either inorganic P (IP) or organic P (OP)).
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As for the TP depth profiles, mean values for each sectioned depth of the summer and winter
cores were calculated respectively, by combining the six sediment samples from the two stations.

3. Results

3.1. External Waterborne Dissolved P Loadings

The total annual external dissolved P load to Nørresø amounted to 97 kg P/yr (Table 2).
The external TDP load included the supply of P via groundwater (84 kg P/yr), surface water (9 kg
P/yr), and dry and wet deposition (4 kg P/yr), see Table 2. Applying the P mass loading model of
Vollenweider [54] (Equation (3)), and assuming a lake hydraulic retention time of 1.6 year (Table 1),
the external P load entering Nørresø would result in an accumulation of 40 kg P in the water column.

The annual quantity of TDP leaving the lake via the one outlet amounted to 126 kg P/yr.

Table 2. Annual P loading to and from Lake Nørresø during 2016 to 2017.

kg P/yr

External TDP loads

Groundwater a 84
Surface water a 9
Atmospheric deposition b 4
Total external TDP load 97

Internal P release load

Pseasonal_released
c 680

Plongterm_released
d 40

Total internal P load 720

TDP Output 126

Net P increase in the water column during summer 650
a Ref. [48]. b Estimate based on national average of total wet and dry deposition of organic and inorganic P
(both 0.02–0.04 kg P/ha) [64]. c Rapid seasonal mobilized P pool, release from the upper 7 cm of the sediment.
d The annual released P from the long-term mobilized P pool, driven by mineralization of slowly biodegradable
organic compounds and slowly reducible Fe-oxides buried in the sediment.

3.2. Internal P Release Load

A higher TP content was measured in the winter sediment, relative to the summer sediment, in
the upper 7 cm of the lake-bed (Figure 2). The TP content in both profiles decreased exponentially with
increasing depth, going from 2.7 and 2.3 mg P/g DW in the uppermost sediment respectively, reaching
a steady state with similar winter and summer concentrations at a depth of 7 cm (~1.7 mg P/g DW).
From 7 to 10 cm depth the TP content in both profiles were almost constant at 1.6 mg P/g DW.

This indicates that the lower boundary of the active mobilization layer is located at a depth of 7 cm
(Figure 2). Below 10 cm depth (i.e., beneath the active mobilization layer) the winter and summer TP
sediment content remained similar, though with a significant decline in the TP content. This suggest
that a change in the sedimentation condition has occurred.

Assuming a lake-bed area of 69.3 ha, an active mobilization layer of 7 cm, and that the sediment
cores are representative for the whole lake, the Pseasonal_released pool mobilized rapidly during the
summer amounted to 680 kg P (i.e., the difference between TP content during winter and summer).

By further assuming that the summer TP depth profile in Figure 2 represents the P sediment
content after the release of the easily mobilized P, the total Plongterm_released pool which can be
mobilized over many years amounted to 1828 kg P. Assuming that the mineralization rate of the
slowly biodegradable organic compounds and reducible Fe-oxides have remained constant over the
last 50 years, the Plongterm_released pool mobilized per year amounted to 40 kg P/yr.

The total internal P release load is, hence, estimated to be 720 kg P/yr (Table 2).
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3.3. Sediment-P Composition

The seasonal variation in the TP content in the upper 7 cm of the lake-bed can mainly be attributed
to a seasonal difference in the redox-sensitive IPBD fraction (Figure 3). The exponential decrease in the
sediment’s TP content down through the upper 7 cm was also primarily due to a decrease in the IPBD,
together with a minor decrease in the nrP (i.e., organic labile P) and the IPWater fraction. At 7 to 10 cm
depth, both IPBD, nrP and the IPWater fraction had reached a steady state.Water 2019, 11, x FOR PEER REVIEW 9 of 16 
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The four fractions PRes, OPHumic, IPHCl, and IPNaOH were relatively constant with depth and
displayed similar concentrations in summer and winter in the upper 10 cm of the lake-bed, indicating
steady state conditions during the accumulation of the upper 10 cm.

At 15, 20, and 25 cm sediment depth, the amounts of the otherwise stable PRes, OPHumic, IPHCl,

and IPNaOH factions had decreased relative to the upper 10 cm. A decrease in the IPBD, nrP, and the
IPWater fractions could also be observed at 15, 20, and 25 cm sediment depth even though these fractions
were at a steady state at 7 to 10 cm.

3.4. Dissolved P Concentrations in the Lake, Spring, and Streams

In the lake water column, DIP accounted for the largest share of TDP throughout the year (Figure 4.
TDP and DIP concentrations followed the same annual pattern, peaking in August and September,
and reaching a minimum concentration in April. If both 2016 and 2017 are taken into account, the mean
concentration of TDP and DIP during the peak corresponds to 507 and 336 µg P/L, respectively).
During the period with minimum concentrations in April, the mean TDP and DIP concentrations were
98 and 96 µg P/L, respectively. Accordingly, DOP was detected mainly from the end of July to the
beginning of November.
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Figure 4. Concentrations of total dissolved phosphorus (TDP), dissolved inorganic phosphorus (DIP),
and dissolved organic phosphorus (DOP) in the lake, spring and streams 1–9 at Nørresø during
2016–2017. Lower left panel shows the mean of streams 4–9 the error bars shows the standard deviation.
Spring and stream 1 represent groundwater (GW), and streams 2–9 represent surface water (SW).

The TDP increase in the water column during summer relatively to the lake’s background
TDP concentration before the onset of internal P loading, as represented by the winter lake-water
concentrations [4,65,66] amounted to 650 kg P (Table 2), assuming a lake water volume of 1.6 mill. m3

(2.3 m × 69.3 ha).
Figure 4 shows the TDP and DIP concentrations, for the four main sources of external P loading

from measured inflows. The spring and stream 1 represented groundwater and had fairly stable
DIP concentrations throughout the year (142 µg P/L and 84 µg P/L, respectively) whereas the DOP
concentration varied. DIP and DOP in stream 2 had a pronounced seasonality, both peaking (500 µg
P/L) in December. Stream 2, which represents the main contributor of surface water P, discharges
water from a small lake/wetland area called Hjertesø. Thus, the annual internal P cycling occurring
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in Hjertesø propagates to the annual DIP variation in stream 2. Stream 3 had a relatively high DOP
concentration from August to November whereas the DIP concentration was relatively stable at 70 µg
P/L. The rest of the streams (numbers 4 to 9) all had low DIP and DOP concentrations.

4. Discussion

By estimating the external and internal P loadings to a naturally eutrophic, groundwater-fed lake,
it became clear that under the current conditions, internally released P was by far the dominant P
loading to the lake. Thus, internally released P was the immediate controller of the trophic state of the
freshwater ecosystem. The accumulated P in the sediment, and hence the formation of the mobile P pool,
was likely conditional upon groundwater-borne geogenic P entering the lake throughout the Holocene,
which will be discussed in more detail below. Our findings demonstrate that groundwater-borne
geogenic P should be seen as a potential contributor to eutrophication of a freshwater ecosystem.

4.1. Current Lake P Budget

4.1.1. External P Loadings

Groundwater-borne P constituted the primary external P load to the lake, accounting for 88% of
the total external P load. The remaining 12% of P was entering the lake via surface water discharging
from stream 2 to 9, and atmospheric deposition.

In general, when high P concentrations are observed in discharging groundwater to a
lake, it is often shown to be, or expected to be, from an anthropogenic source [32–35,38,42,67].
Nisbeth et al.’s [48] investigation of the external DIP sources indicated, however, that the presence of
P in the groundwater discharging into Nørresø was most likely driven by a natural release of geogenic
P within a regional artesian, confined aquifer. Hence, causing a natural eutrophication of the lake.

Nisbeth et al. [48] measured a constant groundwater discharge from the spring and stream 1. Thus,
the fairly stable and dominant DIP concentration in the spring and stream 1 indicates that groundwater
P input, and hence the external P input, remains stable throughout the year. Stream 1 runs under a dirt
road via a pipe, which occasionally clogs. This leads to large variations in the water table upstream
of the pipe. When clogged, parts of the surrounding wetland are flooded. Phosphorus mobilization
processes during flooding may explain the occasionally high DOP concentration.

Under current conditions, the contribution of external P can only explain 8% of the measured
accumulated TDP within the lake water column, according to Vollenweider’s P mass-loading model.
Van der Molen and Boers [9] and Søndergaard et al. [65] emphasize that Vollenweider’s model
underestimates the TP concentration for lakes in which internal P release was the dominant load. An
underestimate of TP (TDP in this study) in Nørresø would substantiate internal P release as playing a
dominant role. Nonetheless, the corresponding equilibrium-TDP concentration in the water column,
driven merely by the external TDP input (26 µg P/L; based on Equation (3)), would still nearly classify
as eutrophic (TP > 30 µg P/L; [4]).

Droppings from the cormorant colony found at Nørresø may contribute an additional external P
load to the water column [68]. Previous studies indicate that bird droppings only represent a small
fraction [68–70] of the total contribution to TP loads in eutrophic lakes. However, the impact that
birds may have on the P budgets of lakes is so far not well documented. Thus, an estimate of the P
contribution from the cormorant colony remains uncertain. A preliminary investigation of the DIP
concentrations in the lake water column near the colony of cormorants did not indicate elevated DIP
concentrations near the colony. This could suggest that the soil has the capacity to retain the P from the
bird droppings, and hence indicates a low impact from the cormorant colony [69].

Leaf fall from the forests covering the main part of the area around the lake may also end up in the
lake, representing yet another external P load. The leaves probably settle by gravity on the lake-bed,
followed by biodegradation, potentially contributing P over time as a part of the internal release.



Water 2019, 11, 1783 11 of 16

4.1.2. Internal P Loading

The total annual internally mobilized and released P from the sediment to the water column was
estimated to amount to 720 kg P/yr. Comparing this load with the external dissolved P entering the
lake during a year (97 kg), it is evident the internal P load is by far the dominant P contributor to the
lake under the current conditions. The significant increases in the TPD concentration in the water
column during the summer months of August and September can further be seen as an indication of
internal, rather than external, P loading dominance [5,9,65,71,72]. Quantitatively, the TDP increase
in the water column (650 kg P) more or less equaled the P released from the sediment. The internal
P load might even have been much higher than estimated because a strong downward direct P-flux
(sedimentation) can be expected in such a productive lake. In parallel, the estimated TDP increase in
the water column only represents the net P accumulation, and thus does not directly reflect the gross
amount of P released from the sediment.

The net retention of P in the sediment may change over time as the relative ratio of the downward
and upward flux of P changes. The stable concentration of the PRes, OPHumic, IPHCl, and IPNaOH

fractions within the upper 10 cm of the sediment indicate stable P input within this period, since these
fractions are generally considered to be unaffected by diagenesis in the sediment [66].

The significant decline in the TP content and change in the immobile P composition in the sediment
at 15 cm depth indicate that the steady state of the lake changed around 50 to 75 years ago. Accordingly,
the decline in the TP below the 15 cm is therefore not considered to be an expression of mobilization
processes but rather an indication of a lower sedimentation rate. This is supported by findings from
another study, where it was shown that the diatom-inferred TP concentrations increased from 30 µg
P/L in the mid-1800s to 120 µg P/L at around 1970 [73].

Of the total annual internal P load, consisting of the seasonally and long-term released P, P rapidly
released from the sediment during the summer (i.e., the Pseasonal_released pool) constitutes the majority (95%).
The remaining 5% of P originates from the long-term released P pool (i.e., the Plongterm_released pool).

Based on the sediment-P composition, the Pseasonal_released pool primarily consists of the IPBD

fraction, i.e., Fe-oxide-bound IP. This strongly suggests that the rapid seasonal P release is mainly
controlled by reductive dissolution of the iron oxides in the sediment [6,15,74]. In contrast,
Plongterm_released partly consists of nrP. In general, nrP from the PNaOH fraction represents by far
the largest share of the nrP [61] and consists of organic P such as fulvic acids [75], monoester phosphate
and condensed inorganic polyphosphates [76]. The mobilization of P driven by degradation of organic
labile P compounds can, however, be estimated to account for just 21% of the total annually released
Pseasonal_released pool. Mobilization of buried Fe-oxide-bound IP (relatively resilient towards reductive
dissolution) is, as for the Pseasonal_released pool, the dominant mobilization process of the Pseasonal_released

pool, accounting for 67%.
The accumulation of Fe-bound IP in the sediment can be attributed to a mechanism, often referred

to as the ‘iron curtain’ [77]. In this process, soluble ferrous compounds in anoxic water precipitate as
amorphous iron oxides and hydroxides when entering an oxidized environment, which subsequently
removes dissolved P from the water column. The same conditions occur at Nørresø. Anoxic
groundwater, accounting for 46% of the water input to the lake, continuously transport dissolved
ferrous iron and dissolved geogenic P to the oxygenated lake (cf. [48]). Accordingly, Fe-oxide-bound
IP continuously precipitates and settles by gravity on the lake-bed where it accumulates over time.
Ferrous iron was not detected in the discharging surface water [48], thus indicating that groundwater
is the main driving factor of the accumulated IPBD fraction. Correlation between a pronounced IPBD

fraction and discharging Fe-rich, anoxic groundwater was also found by Chambers and Odum [77] and
Pacini and Gächter [78].
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4.2. Long-Term Influence of External TDP

Although the internal TDP load supersedes the external load, it is important to emphasize that
internal P load is only indirectly relevant for the trophic state of a lake. The accumulated P in the
sediment originates from external P sources entering and subsequently sedimented on the lake-bed.

Evidence that these processes have occurred in Nørresø at longer timescales is presented in
Nisbeth et al. [48], where a 7.2 m long sediment core, sampled near station 2 (Figure 1), is described.
The upper 6 m of the core consists of gyttja which began to accumulate around 7500 cal. yr BP.

Preliminary diatom and pigment analyses indicate that Nørresø has never been P-poor,
but rather has been meso- to eutrophic, even in its pristine state. Pigment data further indicates
a persistent presence of cyanobacteria and algae blooms during the past 7500 years. High
abundances of cyanobacteria have been recorded at other lakes in glacial moraine landscapes,
where groundwater P supply dominates [79]. This situation is similar to the present conditions at
Nørresø, where groundwater-transported TDP represents the largest contributor of external TDP (88%).
This substantiates the assumption that the deposited P is, and probably always has been, conditional
on a continuous TDP transport to the lake via groundwater.

Assuming that the data in Figure 3 are representative of the entire lake area, and the TP
concentration in the sediment stagnates at 25 cm depth, up to about 1 mg TP/g DW is permanently
deposited in the sediment. Assuming a 6 m gyttja layer thickness with a density of 0.10 g DW/cm3

(% from 25 cm depth) in the lake, the total deposited P in Nørresø would amount to 374 tons. This is
likely an overestimate as the thickness of the gyttja probably decreases towards the bank. Nevertheless,
if the groundwater P input is of the same order of magnitude as the total deposited P in the sediment,
it is likely to be the driving factor behind accumulation of P in the lake. The calculation of total
deposited P only accounts for the net-accumulated P in the sediment, and not the total P input to the
lake. Since the amount of P leaving the lake via the outlet over the 7500 years is not included, the
groundwater input should in fact exceed the total deposited P (i.e., 374 tons).

The P loss recorded in our own short study period is certainly not representative of the conditions
occurring through the Holocene, as it would imply that no P was stored in the sediment.

Assuming a continuous groundwater TDP load equal to the current (84 kg P/yr), from the
beginning of the gyttja accumulation until the present (~7500 yrs), the total groundwater P input adds
up to 630 tons. If the lake had an outlet in its earlier state, the external P load would also have been
higher than today in order to generate the accumulated gyttja. It can be argued that the P concentration
in the groundwater was probably higher in the past, as the geogenic P pool in the aquifer is slowly
being depleted over time, thus leading to a decrease in groundwater-P concentration. A higher
surface-water P contribution in the past could, likewise, be the underlying reason for the accumulated
P in the sediment. However, there is no reason to expect that past surface water P load was higher
than today, since (i) P started to accumulate long before anthropogenic influences, and (ii) the lake has
been surrounded by forest, or at least a rim of forest along its perimeter, throughout the Holocene.

Despite the uncertainties in extrapolating back through the Holocene based on limited modern-day
data, the estimated amounts of groundwater-borne P and P contained in the lake sediment are of the
same magnitude. The groundwater TDP input even exceeds the estimated amount of permanently
deposited P in the sediment, suggesting that groundwater-borne geogenic P was the controlling
mechanism for the accumulation of P in the sediment during the Holocene.

5. Conclusions

This study demonstrates and expands upon how groundwater-borne geogenic P can play an
important role in the eutrophic state of a freshwater ecosystem. Our findings demonstrate that even in
lakes where internal P cycling is the immediate controller of their trophic state, groundwater-transported
geogenic P can potentially be the original source of the internally cycled P.

For naturally eutrophic lakes, this indicates that:
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• Geogenic groundwater-borne P can be the dominant cause of P accumulation: the amount of
geogenic groundwater-borne P brought to the lake during Holocene is in the same order of
magnitude as the total accumulated P in the sediment.

• Even though the seasonal release of internal P controls seasonal fluctuations in water column P,
groundwater-borne geogenic P may be the actual eutrophicating factor.

When investigating internally released P, one should not ignore the importance of the original,
and possibly natural and geogenic, source of this P.

Author Contributions: Conceptualization, C.S.N., K.R., J.K. and S.J.; Methodology, C.S.N. and K.R.; Validation,
C.S.N. and K.R.; Formal analysis, C.S.N.; Investigation, C.S.N., K.R., O.B., J.K. and S.J.; Resources, C.S.N. and
K.R.; Writing—original draft preparation, C.S.N.; Writing—review and editing, C.S.N., K.R., O.B., J.K. and S.J.;
Visualization, C.S.N.; Supervision, K.R., J.K. and S.J.; project administration, S.J, O.B. and J.K.; funding acquisition,
S.J. and J.K.

Funding: This research was funded by Geocenter Denmark, grant number 6-2015.

Acknowledgments: The authors are grateful to the estate of Brahetrolleborg and Catharina Reventlow-Mourier
for kindly providing access to Nørresø. Thanks are also given to Rikke Orloff Holm (SDU) and Carina Kronborg
Lohmann (SDU) for assistance with the sequential extraction of the sediment and analysis of TDP.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Blake, R.E.; O’Neil, J.R.; Surkov, A.V. Biogeochemical cycling of phosphorus: Insights from oxygen isotope
effects of phosphoenzymes. Am. J. Sci. 2005, 305, 596–620. [CrossRef]

2. Hecky, R.E.; Kilham, P. Nutrient limitation of phytoplankton in freshwater and marine environments:
A review of recent evidence on the effects of enrichment1. Limnol. Oceanogr. 1988, 33, 796–822. [CrossRef]

3. Schindler, D. Eutrophication and recovery in experimental lakes—Implications for lake management. Science.
1974, 184, 897–899. [CrossRef] [PubMed]

4. Wetzel, R.G. The phosphorus cycle. In Limnology: Lake and River Ecosystems; Academic Press: San Diego, CA,
USA, 2001; pp. 242–250. ISBN 9780127447605.

5. Søndergaard, M.; Jensen, J.P.; Jeppesen, E. Role of sediment and internal loading of phosphorus in shallow
lakes. Hydrobiologia 2003, 506–509, 135–145. [CrossRef]

6. Smolders, A.J.P.; Lamers, L.P.M.; Lucassen, E.C.H.E.T.; Van Der Velde, G.; Roelofs, J.G.M. Internal
eutrophication: How it works and what to do about it—A review. Chem. Ecol. 2006, 22, 93–111. [CrossRef]

7. Boström, B.; Andersen, J.M.; Fleischer, S.; Jansson, M. Exchange of phosphorus across the sediment-water
interface. Hydrobiologia 1988, 170, 229–244. [CrossRef]

8. Paytan, A.; Roberts, K.; Watson, S.; Peek, S.; Chuang, P.C.; Defforey, D.; Kendall, C. Internal loading of
phosphate in lake erie central basin. Sci. Total Environ. 2017, 579, 1356–1365. [CrossRef] [PubMed]

9. Van der Molen, D.T.; Boers, P.C.M. Influence of internal loading on phosphorus concentration in shallow
lakes before and after reduction of the external loading. Hydrobiologia 1994, 275, 379–389. [CrossRef]

10. Murray, G.C.; Hesterberg, D. Iron and phosphate dissolution during abiotic reduction of ferrihydrite-boehmite
mixtures. Soil Sci. Soc. Am. J. 2006, 70, 1318. [CrossRef]

11. Hupfer, M.; Gloess, S.; Grossart, H.P. Polyphosphate-accumulating microorganisms in aquatic sediments.
Aquat. Microb. Ecol. 2007, 47, 299–311. [CrossRef]

12. Hupfer, M.; Lewandowski, J. Oxygen controls the phosphorus release from lake sediments—A long-lasting
paradigm in limnology. Int. Rev. Hydrobiol. 2008, 93, 415–432. [CrossRef]

13. Hansen, K.; Mouridsen, S.; Kristensen, E. The impact of Chironomus plumosus larvae on organic matter decay
and nutrient (N, P) exchange in a shallow eutrophic lake sediment following a phytoplankton sedimentation.
Hydrobiologia 1998, 364, 65–74. [CrossRef]

14. Golterman, H.L. The calcium-and iron bound phosphate phase diagram. Hydrobiologia 1988, 159, 149–151.
[CrossRef]

15. Penn, M.R.; Auer, M.T.; Doerr, S.M.; Driscoll, C.T.; Brooks, C.M.; Effler, S.W. Seasonality in phosphorus
release rates from the sediments of a hypereutrophic lake under a matrix of pH and redox conditions. Can. J.
Fish. Aquat. Sci. 2000, 57, 1033–1041. [CrossRef]

http://dx.doi.org/10.2475/ajs.305.6-8.596
http://dx.doi.org/10.4319/lo.1988.33.4part2.0796
http://dx.doi.org/10.1126/science.184.4139.897
http://www.ncbi.nlm.nih.gov/pubmed/17782381
http://dx.doi.org/10.1023/B:HYDR.0000008611.12704.dd
http://dx.doi.org/10.1080/02757540600579730
http://dx.doi.org/10.1007/BF00024907
http://dx.doi.org/10.1016/j.scitotenv.2016.11.133
http://www.ncbi.nlm.nih.gov/pubmed/27923579
http://dx.doi.org/10.1007/BF00026728
http://dx.doi.org/10.2136/sssaj2005.0292
http://dx.doi.org/10.3354/ame047299
http://dx.doi.org/10.1002/iroh.200711054
http://dx.doi.org/10.1023/A:1003155723143
http://dx.doi.org/10.1007/BF00014722
http://dx.doi.org/10.1139/f00-035


Water 2019, 11, 1783 14 of 16

16. House, W.A. Geochemical cycling of phosphorous in rivers. Appl. Geochem. 2003, 18, 739–748. [CrossRef]
17. Heiberg, L.; Pedersen, T.V.; Jensen, H.S.; Kjaergaard, C.; Hansen, H.C.B. A comparative study of phosphate

sorption in lowland soils under oxic and anoxic conditions. J. Environ. Qual. 2010, 39, 734–743. [CrossRef]
[PubMed]

18. Kjaergaard, C.; Heiberg, L.; Jensen, H.S.; Hansen, H.C.B. Phosphorus mobilization in rewetted peat and sand
at variable flow rate and redox regimes. Geoderma 2012, 173–174, 311–321. [CrossRef]

19. Prem, M.; Hansen, H.C.B.; Wenzel, W.; Heiberg, L.; Sørensen, H.; Borggaard, O.K. High spatial and fast
changes of iron redox state and phosphorus solubility in a seasonally flooded temperate wetland soil.
Wetlands 2015, 35, 237–246. [CrossRef]

20. Jensen, H.S.; Andersen, F.O. Importance of temperature, nitrate, and pH for phosphate release from aerobic
sediments of four shallow, eutrophic lakes. Limnol. Oceanogr. 1992, 37, 577–589. [CrossRef]

21. Bennion, H.; Smith, M.A. Variability in the water chemistry of shallow ponds in southeast England, with
special reference to the seasonality of nutrients and implications for modelling trophic status. Hydrobiologia
2000, 436, 145–158. [CrossRef]

22. Ekholm, P.; Malve, O.; Kirkkala, T. Internal and external loading as regulators of nutrient concentrations in
the agriculturally loaded lake Pyhajarvi (southwest Finland). Hydrobiologia 1997, 345, 3–14. [CrossRef]

23. Søndergaard, M.; Jensen, P.J.; Jeppesen, E. Retention and internal loading of phosphorus in shallow, eutrophic
lakes. Sci. World 2001, 1, 427–442. [CrossRef] [PubMed]

24. Jeppesen, E.; Kristensen, P.; Jensen, J.P.; Søndergaard, M.; Mortensen, E.; Lauridsen, T. Recovery resilience
following a reduction in external phosphorus loading of shallow, eutrophic Danish lakes: Duration, regulating
factors and methods for over-coming resilience. Mem. Ist. Ital. Idrobiol. 1991, 48, 127–148.

25. Van der Grift, B.; Osté, L.; Schot, P.; Kratz, A.; Van Popta, E.; Wassen, M.; Griffioen, J. Forms of phosphorus in
suspended particulate matter in agriculture-dominated lowland catchments: Iron as phosphorus carrier.
Sci. Total Environ. 2018, 631, 115–129. [CrossRef] [PubMed]

26. Heathwaite, A.L.; Burke, S.P.; Bolton, L. Field drains as a route of rapid nutrient export from agricultural
land receiving biosolids. Sci. Total Environ. 2006, 365, 33–46. [CrossRef] [PubMed]

27. Heathwaite, A.L.; Dils, R.M. Characterising phosphorus loss in surface and subsurface hydrological pathways.
Sci. Total Environ. 2000, 251, 523–538. [CrossRef]

28. Withers, P.J.A.; Haygarth, P.M. Agriculture, phosphorus and eutrophication: A European perspective.
Soil Use Manag. 2007, 23, 1–4. [CrossRef]

29. Hodgkinson, R.A.; Chambers, B.J.; Withers, P.J.A.; Cross, R. Phosphorus losses to surface waters following
organic manure applications to a drained clay soil. Agric. Water Manag. 2002, 57, 155–173. [CrossRef]

30. Gilliom, R.J.; Patmont, C.R. Lake phosphorus loading from septic systems by seasonally perched groundwater.
Water Pollut. Control. Fed. 1983, 55, 1297–1305.

31. Zanini, L.; Robertson, W.D.; Ptacek, C.J.; Schiff, S.L.; Mayer, T. Phosphorus characterization in sediments
impacted by septic effluent at four sites in central Canada. J. Contam. Hydrol. 1998, 33, 405–429. [CrossRef]

32. Burkart, M.R.; Simpkins, W.W.; Morrow, A.J.; Gannon, J.M. Occurrence of total dissolved phosphorus in
unconsolidated aquifers and aquitards in Iowa. J. Am. Water Resour. Assoc. 2004, 40, 827–834. [CrossRef]

33. Holman, I.P.; Whelan, M.J.; Howden, N.J.K.; Bellamy, P.H.; Willby, N.J.; Rivas-Casado, M.; McConvey, P.
Phosphorus in groundwater—An overlooked contributor to eutrophication? Hydrol. Process. 2008,
22, 5121–5127. [CrossRef]

34. Holman, I.P.; Howden, N.J.K.; Bellamy, P.; Willby, N.; Whelan, M.J.; Rivas-Casado, M. An assessment of
the risk to surface water ecosystems of groundwater P in the UK and Ireland. Sci. Total Environ. 2009,
408, 1847–1857. [CrossRef] [PubMed]

35. Kilroy, G.; Coxon, C. Temporal variability of phosphorus fractions in Irish karst springs. Environ. Geol. 2005,
47, 421–430. [CrossRef]

36. Kidmose, J.; Nilsson, B.; Engesgaard, P.; Frandsen, M.; Karan, S.; Landkildehus, F.; Søndergaard, M.;
Jeppesen, E. Focused groundwater discharge of phosphorus to a eutrophic seepage lake (Lake Væng,
Denmark): Implications for lake ecological state and restoration. Hydrogeol. J. 2013, 21, 1787–1802. [CrossRef]

37. Lewandowski, J.; Meinikmann, K.; Nützmann, G.; Rosenberry, D.O. Groundwater—The disregarded
component in lake water and nutrient budgets. Part 2: Effects of groundwater on nutrients. Hydrol. Process.
2015, 29, 2922–2955. [CrossRef]

http://dx.doi.org/10.1016/S0883-2927(02)00158-0
http://dx.doi.org/10.2134/jeq2009.0222
http://www.ncbi.nlm.nih.gov/pubmed/20176846
http://dx.doi.org/10.1016/j.geoderma.2011.12.029
http://dx.doi.org/10.1007/s13157-014-0608-0
http://dx.doi.org/10.4319/lo.1992.37.3.0577
http://dx.doi.org/10.1023/A:1026527519558
http://dx.doi.org/10.1023/A:1002958727707
http://dx.doi.org/10.1100/tsw.2001.72
http://www.ncbi.nlm.nih.gov/pubmed/12806078
http://dx.doi.org/10.1016/j.scitotenv.2018.02.266
http://www.ncbi.nlm.nih.gov/pubmed/29524889
http://dx.doi.org/10.1016/j.scitotenv.2006.02.033
http://www.ncbi.nlm.nih.gov/pubmed/16603229
http://dx.doi.org/10.1016/S0048-9697(00)00393-4
http://dx.doi.org/10.1111/j.1475-2743.2007.00116.x
http://dx.doi.org/10.1016/S0378-3774(02)00057-4
http://dx.doi.org/10.1016/S0169-7722(98)00082-5
http://dx.doi.org/10.1111/j.1752-1688.2004.tb04461.x
http://dx.doi.org/10.1002/hyp.7198
http://dx.doi.org/10.1016/j.scitotenv.2009.11.026
http://www.ncbi.nlm.nih.gov/pubmed/19945150
http://dx.doi.org/10.1007/s00254-004-1171-4
http://dx.doi.org/10.1007/s10040-013-1043-7
http://dx.doi.org/10.1002/hyp.10384


Water 2019, 11, 1783 15 of 16

38. Walter, D.A.; Rea, B.A.; Sollenwerk, K.G.; Savoie, J. Geochemical and Hydrologic Controls on Phosphorus Transport.
in a Sewage Contaminated Sand and Gravel Aquifer Near Ashumet Pond, Cape Cod, Massachusetts; Technical report
No. 95-381; United States Geological Survey Water-Supply Paper 2463: Washington, DC, USA, 1996.

39. Kenoyer, G.; Anderson, M.P. Groundwater’s dynamiv role in regulating acidity and chemistry in a
precipitatuon-dominated lake. J. Hydrol. 1989, 109, 287–306. [CrossRef]

40. Vanek, V. The interactions between lake and groundwater and their ecological significance. Stygologia 1987,
3, 1–23.

41. Shaw, R.D.; Shaw, J.F.H.; Fricker, H.; Prepas, E.E. An integrated approach to quantify groundwater transport
of phosphorus to Narrow Lake, Alberta. Limnol. Oceanogr. 1990, 35, 870–886. [CrossRef]

42. Meinikmann, K.; Lewandowski, J.; Hupfer, M. Phosphorus in groundwater discharge - A potential source
for lake eutrophication. J. Hydrol. 2015, 524, 214–226. [CrossRef]

43. Heathwaite, A.L.; Dils, R.M.; Liu, S.; Carvalho, L.; Brazier, R.E.; Pope, L.; Hughes, M.; Phillips, G.; May, L.
A tiered risk-based approach for predicting diffuse and point source phosphorus losses in agricultural areas.
Sci. Total Environ. 2005, 344, 225–239. [CrossRef] [PubMed]

44. Orderud, G.I.; Vogt, R.D. Trans-disciplinarity required in understanding, predicting and dealing with water
eutrophication. Int. J. Sustain. Dev. World Ecol. 2013, 20, 404–415. [CrossRef]

45. Sharpley, A.N.; Daniel, T.; Sims, T.; Lemunyon, J.; Stevens, R.; Parry, R. Agricultural Phosphorus and
Eutrophication, 2nd ed.; U.S. Department of Agriculture, Agricultural Research Service: Lincoln, NE, USA,
2003.

46. Smith, V.H.; Schindler, D.W. Eutrophication science: Where do we go from here? Trends Ecol. Evol. 2009,
24, 201–207. [CrossRef] [PubMed]

47. Høy, T. Danmarks Søer—Søerne i Fyns Amt; Strandbergs Forlag: Charlottenlund, Denmark, 2000.
48. Nisbeth, C.S.; Kidmose, J.; Weckström, K.; Reitzel, K.; Odgaard, B.V.; Thorling, L.; McGowan, S.;

Schomacker, A.; Kristensen, D.L.J.; Jessen, S. Dissolved inorganic geogenic phosphorus load to a
groundwater-fed lake: Implications of terrestrial phosphorus cycling by groundwater. Spec. Issues Water
2019, in press.

49. GEUS. (Geological Survey of Denmark and Greenland) 2018 Danish National Borehole Achieve (Jupiter).
Available online: www.geus.dk (accessed on 21 September 2018).

50. NOVANA. (Det Nationale Overvågningsprogram for Vandmiljø og Natur). Available online: http://novana.
dmi.dk/ (accessed on 3 April 2018).

51. Bennike, O.; Odgaard, B.V.; Eriksen, A.A.; McGowan, S.; Siggaard-Andersen, M.L.; Schomacker, A.; Jessen, S.;
Kazmierczak, J.; Olsen, J.; Rasmussen, P.; et al. Multi-proxy records of late Quaternary environmental
changes based on lake sediment records from Vængsø and Nørresø, Denmark. Unpublished work.

52. Eriksen, A.A. Holocene Catchment Changes at and Brahetrolleborg Nørresø and Lake Eutrophication
Response. Master’s Thesis, Aarhus University, Aarhus, Denmark, 2017.

53. Fyn’s County. Nørresø 1989–1993, Lake Monitoring in Fyn’s County; Technical report No.1; Fyn’s County:
Odense, Denmark, 1994.

54. Vollenweider, R.A. Advances in defining critical loading levels for phosphorus in lake eutrophication.
Mem. dell’Istituto Ital. Idrobiol. Dott. Marco Marchi Verbania Pallanza 1976, 33, 53–83.

55. ODA. Surface Water Monitoring, Aarhus University. Available online: https://odaforalle.au.dk/main.aspx
(accessed on 25 February 2019).

56. Murphy, J.; Riley, J.P. A modified single solution method for the determination of phosphate in natural
waters. Anal. Chim. Acta 1986, 27, 31–36. [CrossRef]

57. Vollenweider, R.A. Input-output models with special reference to the phosphorus loading concept in
limnology. Schweiz. Z. Hydrol. 1975, 37, 53–84.

58. Brett, M.T.; Benjamin, M.M. A review and reassessment of lake phosphorus retention and the nutrient
loading concept. Freshw. Biol. 2008, 53, 194–211. [CrossRef]

59. DMI. The Danish Meteorological Institute. Available online: https://www.dmi.dk/vejrarkiv/ (accessed on
25 February 2019).

60. Renberg, I.; Hansson, H. The HTH sediment corer. J. Paleolimnol. 2008, 40, 655–659. [CrossRef]
61. Paludan, C.; Jensen, H.S. Sequential extractiom of phosphorus in freshwater wetland and lake sediment:

Significance of humic acids. Wetlands 1995, 15, 365–373. [CrossRef]
62. Rydin, E. Potentially mobile phosphorus in Lake Erken sediment. Water Res. 2000, 34, 2037–2042. [CrossRef]

http://dx.doi.org/10.1016/0022-1694(89)90020-6
http://dx.doi.org/10.4319/lo.1990.35.4.0870
http://dx.doi.org/10.1016/j.jhydrol.2015.02.031
http://dx.doi.org/10.1016/j.scitotenv.2005.02.034
http://www.ncbi.nlm.nih.gov/pubmed/15907520
http://dx.doi.org/10.1080/13504509.2013.814605
http://dx.doi.org/10.1016/j.tree.2008.11.009
http://www.ncbi.nlm.nih.gov/pubmed/19246117
www.geus.dk
http://novana.dmi.dk/
http://novana.dmi.dk/
https://odaforalle.au.dk/main.aspx
http://dx.doi.org/10.1016/S0003-2670(00)88444-5
http://dx.doi.org/10.1111/j.1365-2427.2007.01862.x
https://www.dmi.dk/vejrarkiv/
http://dx.doi.org/10.1007/s10933-007-9188-9
http://dx.doi.org/10.1007/BF03160891
http://dx.doi.org/10.1016/S0043-1354(99)00375-9


Water 2019, 11, 1783 16 of 16

63. Reitzel, K. Separation of aluminum bound phosphate from iron bound phosphate in freshwater sediment by
sequential extraction procedure. Phosphates Sediments 2005, 109–117.

64. Ellermann, T.; Bossi, R.; Christensen, J.; Løfstrøm, P.; Monies, C.; Grundahl, L.; Geels, C. Atmosfærisk Deposition
2014; Technical report No. 163; Department of Environmental Sciences (DCE): Aarhus, Denmark, 2015.

65. Søndergaard, M.; Jensen, J.P.; Jeppesen, E. Internal phosphorus loading in shallow Danish lakes. Hydrobiologia
1999, 408/409, 145–152. [CrossRef]

66. Reitzel, K.; Hansen, J.; Andersen, F.; Hansen, K.S.; Jensen, H.S. Lake restoration by dosing aluminum relative
to mobile phosphorus in the sediment. Environ. Sci. Technol. 2005, 39, 4134–4140. [CrossRef] [PubMed]

67. Griffioen, J. Extent of immobilisation of phosphate during aeration of nutrient-rich, anoxic groundwater.
J. Hydrol. 2006, 320, 359–369. [CrossRef]

68. Marion, L.; Clergeau, P.; Brient, L.; Bertru, G. The importance of avian-contributed nitrogen (N) and
phosphorus (P) to Lake Grand-Lieu, France. Hydrobiologia 1994, 279–280, 133–147. [CrossRef]

69. Gwiazda, R.; Jarocha, K.; Szarek-Gwiazda, E. Impact of a small cormorant (Phalacrocorax carbo sinensis)
roost on nutrients and phytoplankton assemblages in the littoral regions of a submontane reservoir. Biologia
2010, 65, 742–748. [CrossRef]

70. Søndergaard, M.; Lauridsen, T.L. Fugle og Karpers Påvirkning af Søer; Technical report No. 84; Department of
Environmental Sciences (DCE): Aarhus, Denmark, 2014.

71. Phillips, G.; Jackson, R.; Bennett, C.; Chilvers, A. The importance of sediment phosphorus release in the
restoration of very shallow lakes (The Norfolk Broads, England) and implications for biomanipulation.
Hydrobiologia 1994, 275–276, 445–456. [CrossRef]

72. Welch, E.B.; Cooke, G.D. Internal phosphorus loading in shallow lakes: Importance and control.
Lake Reserv. Manag. 2005, 21, 209–217. [CrossRef]

73. Odgaard, B.; Møller, P.F.; Wolin, J.A.; Rasmussen, P.; Anderson, N.J. Brahetrolleborg Nørresø. Palæolimnologisk
Undersøgelse og Oplandsanalyse; Company Report (48); Denmark’s Geological Surveys: Copenhagen, Denmark,
1995; pp. 1–56.

74. Ding, S.; Wang, Y.; Wang, D.; Li, Y.Y.; Gong, M.; Zhang, C. In situ, high-resolution evidence for iron-coupled
mobilization of phosphorus in sediments. Nat. Sci. Rep. 2016, 6, 1–11. [CrossRef]

75. Malcolm, R.L. The uniqueness of humic substances in each of soil, stream and marine environments.
Anal. Chim. Acta 1990, 232, 19–30. [CrossRef]

76. Reitzel, K.; Ahlgren, J.; Gogoll, A.; Jensen, H.S.; Rydin, E. Characterization of phosphorus in sequential
extracts from lake sediments using 31 P nuclear magnetic resonance spectroscopy. Can. J. Fish. Aquat. Sci.
2006, 63, 1686–1699. [CrossRef]

77. Chambers, R.; Odum, W. Porewater oxidation, dissolved phosphate and the iron curtain. Biogeochemistry
1990, 10, 37–52. [CrossRef]

78. Pacini, N.; Gächter, R. Speciation of riverine particulate phosphorus during rain events. Biogeochemistry 1999,
47, 87–109. [CrossRef]

79. McGowan, S.; Britton, G.; Haworth, E.; Moss, B. Ancient blue-green blooms. Limnol. Oceanogr. 1999,
44, 436–439. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1023/A:1017063431437
http://dx.doi.org/10.1021/es0485964
http://www.ncbi.nlm.nih.gov/pubmed/15984792
http://dx.doi.org/10.1016/j.jhydrol.2005.07.047
http://dx.doi.org/10.1007/BF00027848
http://dx.doi.org/10.2478/s11756-010-0072-0
http://dx.doi.org/10.1007/BF00026733
http://dx.doi.org/10.1080/07438140509354430
http://dx.doi.org/10.1038/srep24341
http://dx.doi.org/10.1016/S0003-2670(00)81222-2
http://dx.doi.org/10.1139/f06-070
http://dx.doi.org/10.1007/BF00000891
http://dx.doi.org/10.1007/BF00993098
http://dx.doi.org/10.4319/lo.1999.44.2.0436
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Study Site 
	Data Collection 
	External Phosphorus (P) Loadings 
	Water Sampling and Dissolved P Analysis 
	Mass-Loading Model of lake Water Column P 
	Estimation of the Internal P Release Load 
	Total P Sediment Depth Profiles 
	Sediment-P Composition 


	Results 
	External Waterborne Dissolved P Loadings 
	Internal P Release Load 
	Sediment-P Composition 
	Dissolved P Concentrations in the Lake, Spring, and Streams 

	Discussion 
	Current Lake P Budget 
	External P Loadings 
	Internal P Loading 

	Long-Term Influence of External TDP 

	Conclusions 
	References

