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Phosphorus (P) is a key factor forcing eutrophication in limnic and marine systems,

and all monitoring programs for water quality accordingly include P determinations.

However, traditional monitoring does not allow an analysis of the different components

involved in the P cycle taking place in the water column. Nonetheless, the implementation

of measures addressing eutrophication requires a full understanding of the processes

involved in the transformation and transport of P, in all its chemical forms. In this study,

the P categories present in a river and its estuary in northern Germany, which discharge

into the Baltic Sea, were characterized. Using the molybdenum blue method we found

that the classification of P into the traditional fractions (DIP, DOP, POP) applied in the

ocean cannot be applied to turbid waters such as rivers because interferences between

the fractions seems to occur. Therefore a new nomenclature has been introduced.

In addition to total phosphorus (TP) and dissolved molybdate-reactive phosphorus

(DRP; previously referred to as inorganic phosphorus), dissolved non-molybdate-reactive

phosphorus (DNP), particulate molybdatereactive phosphorus (PRP), and particulate

non-molybdate-reactive phosphorus (PNP) were distinguished. The high spatial and

temporal variations in the proportions of these forms with respect to the TP concentration

well-demonstrate the complexity of the P cycle and the involved P fractions and

emphasize the need for expanded monitoring approach. The potential of eutrophication

could be underestimated if not all P categories were considered.With the new operational

nomenclature the common and standardized molybdenum blue reaction could be used

to implement the analysis of various P components into regular monitoring programs.

Keywords: phosphorus categories, differentiation, detection, monitoring program, contribution to eutrophication,

Baltic Sea
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INTRODUCTION

To address eutrophication in European waters and adopt
measures aimed at restoring their good ecological status,
the European Water Framework Directive and the European
Marine Strategy FrameworkDirective were established. However,
phosphorus (P) is a critical element forcing eutrophication in
aquatic systems throughout the world, especially in surface
waters (OECD, 1982; Hecky and Kilham, 1988). Moreover,
eutrophication is reinforced by the presence of internal P cycles,
for example, the P released from the sediment under anoxic
conditions.

Both the cycling of P and the intense P transformations in
the environment have been characterized and include biotic
(uptake and release by organisms) and abiotic (adsorption onto
and desorption from particles, precipitation and dissolution,
advection and diffusion) processes in which both dissolved
and particulate P forms are generated. In the literature, these
functionally distinct forms of organic and inorganic P that make
up the P cycle have been variably named (Jarvie et al., 2002;
Withers and Jarvie, 2008; Worsfold et al., 2016). Traditional
terms for the same P component include orthophosphate (ortho-
P), dissolved inorganic P (DIP), or simply phosphate (PO3−

4 ),
but also soluble reactive P (SRP/srP), dissolved reactive P (DRP),
filterable reactive P (FRP), and molybdate-reactive P (MRP) are
used. While at times confusing, the use of operational (e.g.,
FRP, used in analytical determinations) and functional (e.g.,
DIP, as applied to analyses of an ecosystem or microbial forms)
terminologies can also be possible. The functional differentiation
of organic and inorganic P requires a big effort which takes much
time. It is hardly realizable to measure organic P in its entirety
rather its single compounds like DNA and RNA or ATP which
have a minor part in the DOP (Unger et al., 2013). Furthermore,
when using the molybdenum blue method, labile P components
other than DIP, e.g., labile organic P or colloidal bound P, may
also be bound to the molybdenum blue complex (Rigler, 1968;
Stainton, 1980; Haygarth and Sharpley, 2000; Jarvie et al., 2002).

Our studies within the PhosWaM project (phosphorus from
the source to the sea) have focused on the Warnow catchment
area (Figure 1), specifically: (1) P fractions in the Warnow

river and its estuary, as a transition zone between an agrarian
catchment area and the Baltic Sea, and (2) P fluxes, especially
with respect to the transport and exchange of P with coastal
waters. Rivers play a key role in transporting and processing P
from source to sea (Withers and Jarvie, 2008), especially when
diffuse sources are the main factor for eutrophication after the
elimination of point sources. During the second half of the

Abbreviations:DHP, dissolved hydrolysable phosphorus; DIP, dissolved inorganic

phosphorus; DNP, dissolved non-molybdate-reactive phosphorus; DP, (total)

dissolved phosphorus; DRP, dissolved reactive phosphorus, dissolved molybdate-

reactive phosphorus (new); DUP, dissolved unreactive phosphorus; FOP, filterable

organic phosphorus; FRP, filterable reactive phosphorus; MRP, molybdate reactive

phosphorus; ortho-P, orthophosphate; P, phosphorus; PNP, particulate non-

molybdate-reactive phosphorus; PO3−
4 , phosphate; PP, particulate phosphorus;

PRP, particulate molybdate-reactive phosphorus; SRP/srP, soluble reactive

phosphorus; SUP, soluble unreactive phosphorus; TDP, total dissolved phosphorus;

TFP, total filterable phosphorus; TP, total phosphorus; TPP, total particulate

phosphorus; TRP, total molybdate-reactive phosphorus.

twentieth century, environmental inputs of P have increased
worldwide (Gustafsson et al., 2012). Despite numerous efforts
to reduce nutrient inputs (Backer et al., 2010) into the coastal
waters of the southern Baltic Sea, inputs of P have led to a shift in
the trophic status and the degree of eutrophication remains high
(Nausch et al., 2011). Effective measures are therefore needed
to control P inputs reaching rivers and estuaries characterized
by high organic loads. Although a large number of monitoring
programs targeting the nutrient status of these waters are in
place, they typically measure only two forms of P, total P (TP)
and DIP (Baldwin, 1998; Jarvie et al., 2002; Jescovitch et al.,
2017; Stammler et al., 2017). However, because all P fractions can
contribute to eutrophication and all of them can be successfully
targeted for reduction, the proportions of each one must be
considered. For example, among the various forms of P, dissolved
organic P is counted to be the most relevant P source for
the growth of algae and bacteria during the productive season
(Nausch and Nausch, 2006) and is therefore a major contributor
to eutrophication.

Reducing the P that contributes to eutrophication requires
a revised approach to P monitoring and is one of the primary
aims of the PhosWaM project. In this study we demonstrate the
importance of measuring the various components of P and their
implementation into regularmonitoringmeasures. Therefore, we
introduce a nomenclature for the different operational P forms,
one that is tailored to those in the turbid riverine and estuarine
waters of the investigated area (lowland agricultural dominated
catchment) and applicable to similar areas. Additionally, the
nomenclature is more accurate according to the widely common
and standardized molybdenum blue colorimetric method.

MATERIALS AND METHODS

Phosphorus (P) categories were analyzed in surface water
samples taken monthly since August 2016 along the river
Warnow and its estuary to the Baltic Sea (Figure 1). TheWarnow
river, in which the sampling station “Bützow” is located, has a
low current velocity. The Warnow estuary, where the station
“Hundsburg” is located, is a typical partially mixed estuary. The
sampling station “Baltic Sea” is located at the mouth of the river
in the coastal zone of the Baltic Sea.

Our newly established nomenclature differentiates P
categories based on their dissolved and particulate forms. The
detection of dissolved P is standardized using the molybdenum
blue colorimetric method (Murphy and Riley, 1962), which
should quantify the amount of DIP, also referred to as ortho-P or
SRP. However, when used in a water sample, the molybdenum
blue can also bind labile P components as described above
(Rigler, 1968; Stainton, 1980; Haygarth and Sharpley, 2000;
Jarvie et al., 2002). Using the molybdenum blue method in
unfiltered and filtered estuarine and river water samples resulted
in remarkable different P values, indicating the presence of a
labile particulate P forms, the particulate molybdate-reactive
P fraction (PRP). It thus became evident that the traditionally
measured and named fractions were not suitable for use in
the lowland catchment area investigated in this study. Hence,
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we developed a detection scheme (Figure 2) and renamed the
traditional terms of P categories (Table 1).

Analysis of Molybdate-Reactive
Phosphorus Categories
For these components the water sample should be analyzed as
soon as possible after sampling (Jarvie et al., 2002). Dissolved
P and particulate P are separated by filtration (maximum
250ml) over precombusted (4 h at 450◦C) filters (GF/F-filter,
retention range 0.7µm) using a vacuum pressure constantly
adjusted to 850 hPa. The P concentrations are measured in
duplicates using the molybdenum blue colorimetric method

(Murphy and Riley, 1962) in which a blue phosphomolybdate
complex is formed. The reaction requires a reductant, typically
acidified ascorbic acid solution, and a mixed reagent consisting
of ammonium heptamolybdate tetrahydrate-solution, potassium
antimony tartrate-solution, and 50% sulfuric acid. The procedure
generally follows that of Koroleff (1983) but with the following
modifications. After the addition of 1ml of the mixed reagent
to a 50ml water sample, the absorbance at a wavelength of
885 nm is immediately measured to obtain a turbidity blank.
This is followed by the addition of 0.5ml of the reductant
to the sample-reagent mixture. Over a period of 20–60min
(depending on the ambient temperature) the P in the sample
reacts with the molybdate to form a bluish complex. The

absorbance of this sample is then measured again at 885 nm
and the P concentration calculated according to Koroleff
(1983).

FIGURE 2 | Scheme used in the detection of the various phosphorus (P)

fractions. Mo-reaction, reaction of phosphate with molybdate whereby a blue

phosphomolybdate complex is generated; TP, total P; DP, total dissolved P;

PP, total particulate P; TRP, total molybdate-reactive P; DRP, dissolved

molybdate-reactive P; PRP, particulate molybdate-reactive P; DNP, dissolved

non-molybdate-reactive P; PNP, particulate non-molybdate-reactive P.

FIGURE 1 | Study area showing the three stations in a lowland catchment area in northern Germany: Bützow (Warnow river), Hundsburg (Warnow estuary, city of

Rostock), and Baltic Sea (coastal zone of Baltic Sea).
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The concentration of the dissolved molybdate-reactive
P (DRP) in the filtrate is determined together with the
concentration of total molybdate-reactive P (TRP) in the
unfiltered water sample. The difference between the TRP and
DRP values is the amount of particulate molybdate-reactive
P (PRP).

The calibration curve, which is renewed with every new regent
and reductant solution, for this method is linear up to 10µM,
and in the present study the detection limit was reached at
an absorbance of 0.007 (equal to ca. 0.07µM), measured in
a 5 cm cuvette. The measured standard (potassium-dihydrogen
phosphate) has a concentration of 5µM which fitted in a 10%–
variance. At least one blank and one standard was applied at every
measurement.

Analysis of Total Phosphorus Categories
The determination of TP and total dissolved P (DP) requires
a digestion of the sample so that all of the P in the sample
is converted to DRP. The previously frozen (−20◦C), stored
water samples (exact 40ml) were thawed and then transferred to
Teflon PFA R©-bottles. The digestion is achieved by the addition
of an oxidant (4ml), usually potassium peroxydisulfate (Koroleff,
1983). The oxidation was done in an alkaline medium.

The digestion was carried out in a lab-microwave. In this
study, the CEM MARS Xpress and the following protocol were

TABLE 1 | Comparison of the traditional and new nomenclatures used to

describe the different phosphorus (P) categories.

Traditional nomenclature New nomenclature

Dissolved inorganic P (DIP) Dissolved molybdate-reactive P (DRP)

Particulate inorganic P (PIP) Particulate molybdate-reactive P (PRP)

Dissolved organic P (DOP) Dissolved non-molybdate-reactive P (DNP)

Particulate organic P (POP) Particulate non-molybdate-reactive P (PNP)

used: After a short initialization phase of a few seconds, the
oxidant-containing samples were subjected to a 70min heating
phase during which they were heated to 180◦C. This temperature
was held for 50min, after which the samples were cooled down
over 30min in the microwave to 70–80◦C. The amount of DRP
in the completely cooled samples was then measured using the
molybdenum blue colorimetric method, in a mixture containing
0.8ml of reductant and reagent. The samples were analyzed as
duplicates.

The TP concentration was determined in the unfiltered water
sample, and the DP concentration in the filtrate. The total
particulate P (PP) concentration was calculated as the difference
between TP and DP.

Every new solution of the oxidant is calibrated with standards
concentrated between 0 and 20µM. In each digestion two to
three blanks and two 2µM-standard (glucose-6-phosphate) were
included. The detection limit was reached at an absorbance of
0.008 (equal to ca. 0.08µM), measured in a 5 cm cuvette. The
variance of the 2µM-standard was within the 5% of the reference
value. The measurement of the standard was linear up to a
concentration of 15µM.

Analysis of Non-molybdate-reactive
Phosphorus Categories
The two non-molybdate-reactive P categories were determined
by calculation. Dissolved non-molybdate-reactive P (DNP) was
defined as the difference between DP and DRP. Thus, the
particulate non-molybdate-reactive P (PNP) was calculated out
as the difference between PP and PRP (Figure 2).

RESULTS

In our area of investigation (Figure 1) the concentration of the
different P categories vary seasonally and spatially. In general the
TP concentrations decreased from theWarnow river to the Baltic
Sea (Table 2) and thus so did the various P fractions, except PRP,

TABLE 2 | The variability of the concentration ranges of the phosphorus (P) fractions at the different stations of the study vs. that reported in the literature for different

study areas.

Station TPa (µM) DRPa DNP PRP PNP Study area

(µM) (%) (µM) (%) (µM) (%) (µM) (%)

Bützow 1.04–6.52 0.05–2.68 2.4–65.7 0–2.51 0–51.4 0.33–0.58 7.5–53.4 0–2.44 0–55.8 Warnow River

Hundsburg 0.30–4.07 0.01–2.81 0.3–100 0–1.73 0–100 0–0.64 0–100 0–2.31 0–78.6 Warnow estuary

Baltic Sea 0.19–1.14 0–0.80 0–100 0–0.42 0–56.5 0–0.89 0–100 0–0.44 0–56.7 Baltic Sea

Nausch et al., 2017 1.54–2.82 0.06–1.22 – 0–0.46 – 0.16–1.94 – 0.22–1.01 – Warnow River

Nausch et al., 2011b 2.6 0.7 – – – – – – – Warnow estuary

Nausch et al., 2011b 1.1 0.7 – – – – – – – Baltic Sea

Stammler et al., 2017c 1.29–9.04 0.10–3.23 – – – – – – – River system in

Ontario

Han et al., 2018 5.49–807.23 1.94–2.26 – 0.32–1.94 – – – – – Zhutuo Riverd

aP categories measured in traditional monitoring.
bmean values in winter 2007.
cdifferent stations at the Great Lakes (USA) with mixed type of land use in adjacent areas.
dThree Gorges Reservoir (China).
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which increased toward the Baltic Sea. The contribution to TP of
the measured P forms varied over a wide range. Thus, at the river
station (Bützow, Figure 1) DRP concentrations ranged between
2.4 and 65.7%, DNP concentrations between 0 and 100%, PRP
concentrations between 7.5 and 53.4%, and PNP concentrations
between 0 and 55.8%. Similarly high variations were measured
at the estuarine station (Hundsburg, Figure 1), where the DRP
concentrations were between 0.3 and 100%, the DNP and PRP
concentrations between 0 and 100%, and the PNP concentrations
up to 78.6%. At the “Baltic Sea” station (Figure 1), DRP and PRP,
as molybdate-reactive P fractions, accounted for 0–100%, and
DNP and PNP, as non-molybdate-reactive P fractions, for 0–56.5
and 0–56.7%, respectively. According to this we calculated the
difference of the mean values of TP and DRP, as the traditional
measured P components (Table 3) to show the importance of
measuring the different P categories. In “Bützow,” the river
station, the TP and DRP values differed with 1.97µM. At the
station in the estuary the difference was with 1.62µM lower and
at the “Baltic Sea” station was a TP-DRP-difference of 0.44µM. In
addition, the DNP concentrations as mean values also decreased
from 0.38µM in the river (Bützow) to 0.26µMat the “Baltic Sea.”

Seasonal variations were exemplified by the data from
February 2017 and June 2017 (Figure 3). Additional abiotic
parameters (water temperature, rainfall, wind, and discharge)
and biotic parameters (chlorophyll a and seston) were given in
Table 4. In February 2017 it was stormy during the sampling
at the stations “Hundsburg” and “Baltic Sea” and also in June

TABLE 3 | Differences of TP and DRP/DIP as traditional monitoring parameter in

comparison with differences of DP and DRP (DNP/DOP) at the three stations of

the study area as mean values from September 2016 to 2017.

Station TP

(µM)

DRP/DIP

(µM)

TP minus

DRP (µM)

DP

(µM)

DP

minus DRP/

DNP/DOP

(µM)

Bützow 3.04 1.07 1.97 1.30 0.38

Hundsburg 1.73 0.12 1.62 0.70 0.37

Baltic Sea 0.75 0.31 0.44 0.50 0.26

2017 at the river station in “Bützow.” Moreover, the salinity
situation was different in the 2 months (Figure 4). In February,
the water column was locally nearly totally mixed at the different
stations. In June, however, the water column was a bit stratified
with freshwater (1 to 8 g kg−1) at the surface and saltwater
(8 to 10/11 g kg−1) below the surface layer to the bottom layer.
Furthermore, the chlorophyll a concentration was higher in
February 2017 than in June 2017 at the stations “Bützow”
(25.10µg l−1 in February and 8.76 µg l−1 in June) and “Baltic
Sea” (4.05µg l−1 in February and 2.63 µg l−1 in June). In
contrast, the Secchi depth at “Hundsburg” and “Baltic Sea” were
in February deeper than in June. At all stations TP concentration
is higher in June than in February. In February the particulate
fractions dominated both at the “Baltic Sea” (∼60% PRP from a
TP of 0.89µM) and the river (∼20% PRP and 50% PNP from a
TP of 2.01µM) stations. By contrast, at the estuary station the
dissolved fractions dominated (∼50% DRP and 30% DNP from
a TP of 1.07µM). In June, the conditions were reversed. At the
“Baltic Sea” station (TP = 0.95µM), DRP accounted for ∼40%
and DNP for∼30%, and at the river station (TP= 3.03µM)DRP
for 60% andDNP for∼20%. At the estuary (TP= 1.96µM), PNP
dominated, with∼60%.

DISCUSSION

Detection of Different Phosphorus
Categories and Their Impact
The nomenclature presented herein is an operational one andwas
developed to address the large variety of terms used to describe
the same P form, and the resulting confusion (Table 5). The terms
we introduced for the different P categories are consistent for
us and our further work in the project. Moreover, it allows a
more accurate description of the P fractions usually detected in
monitoring programs (Table 2), especially in eutrophic waters
with high amount of particles like our study area (Table 3). It
does not replace the functional terms of organic and inorganic
P forms, which are chemically-defined on the bonding of P with
carbon. Instead, the proposed nomenclature has its antagonist
in the traditional nomenclature (Table 1). Nevertheless, the
functional terms of P categories could not be differentiated

FIGURE 3 | Proportions (%) of the phosphorus (P) categories as a function of total P at the three study sites (Warnow River “Bützow,” its estuary “Hundsburg,” and

the southern Baltic Sea “Baltic Sea”) during two different seasons: (A) February 2017, (B) = June 2017. DRP, dissolved molybdate-reactive P; DNP, dissolved

non-molybdate-reactive P; PRP, particulate molybdate-reactive P; PNP, particulate non-molybdate-reactive P.
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TABLE 4 | Abiotic and biotic parameter during sampling in February 2017 (Feb 17) and June 2017 (Jun 17) at the three stations of the study area; Twater, water

temperature in ◦C; RF, rainfall as daily mean value in the area around the city of Rostock in mm; Q, discharge as daily mean value in m3 s−1; FM, mean wind velocity

measured at the DWD-weather station in Rostock-Warnemünde in m s−1; FX, maximum wind velocity measured at the DWD-weather station in Rostock-Warnemünde in

m s−1; O2, oxygen saturation in %; Chl a, chlorophyll a concentration in µg l−1; Seston, content of seston in mg l−1.

Station Month Twater (
◦C) RF (mm) Q (m3 s−1) FM (m s−1) FX (m s−1) O2 (%) Chl a

(µg l−1)

Seston

(mg l−1)

Secchi

depth (m)

Bützow Feb 17 2.8 0 9.61 2.3 7 85.8 25.10 6.06 –

Jun 17 18.4 4.7 4.94 4.4 15 69.9 8.76 4.68 –

Hundsburg Feb 17 4.5 3.4 18.45* 8.8 16 92.9 13.10 2.14 4.5

Jun 17 22.6 0 7.12* 2.2 4.8 78.1 16.02 2.68 1.5

Baltic Sea Feb 17 3.7 3.4 – 8.8 16 100.6 4.05 1.19 5

Jun 17 17.5 0 – 2.2 4.8 80.4 2.63 1.36 4.5

*Measured where the river change into the estuary.

FIGURE 4 | Salinity profiles in the Warnow estuary in (A) February 2017 and (B) June 2017; red lined boxes mark the stations “Baltic Sea” and “Hundsburg”.

accurately by the common and standardized molybdenum blue
colorimetric method.

While the molybdenum blue colorimetric method for the
analytical detection of P categories has been used for many
years, discrepancies have often been reported (e.g., Murphy
and Riley, 1962; Rigler, 1968; Baldwin, 1998). For example,
the terms SRP and ortho-P have been variably used to refer
often to the same P fraction (Table 5; Jarvie et al., 2002)
although they do not describe the same fraction (Rigler, 1968;
Stainton, 1980). Their synonymous use may reflect the fact that
labile forms of organic P might be hydrolyzed in the acidic
milieu of the molybdenum blue reaction (Rigler, 1968; Baldwin,
1998; Jarvie et al., 2002). Additionally, the P associated with
colloids could be released during the reaction betweenmolybdate
and phosphates (Stainton, 1980; Baldwin, 1998). Therefore, a
consistent operational nomenclature is necessary to prevent
misinterpretation of results from molybdenum blue method. For
example, DNP is indeed DOP but it will be underestimated
because an amount of it is measured with the DRP which is
dominated by DIP. In literature most studies and environmental
reports refer to functional terms of P forms (e.g., organic,
inorganic), which are also detected by molybdenum blue method
(e.g., Nausch and Nausch, 2006).

In the traditional monitoring praxis as well as in most
environmental studies (Table 2) only TP and DRP (after
introduced nomenclature) are measured. On this basis the
ecological status of an aquatic system is evaluated and potential

aquatic management measures are developed. The DRP is
presumed to be the P category available for phytoplankton and
therefore the main source for eutrophication. Table 3 shows,
that with ∼40 to 50% of TP the DRP amount in the aquatic
environment is not specified. This results in an underestimation
of eutrophication potential, since at least DNP is known to be
bioavailable (Nausch and Nausch, 2006). An advantage of the
additional measurement of TRP is the calculation of PRP, which,
as demonstrated by our results, plays an important role in the
P cycle of the study area, especially during regeneration periods.
Furthermore, because PRP is bound in labile form to particulate
material, it is potentially bioavailable.

A problem of the method occurs with the unfiltered water
samples which often had a high turbidity as we worked in waters
with a high level of eutrophication (Nausch et al., 2011). The
presence of particles that remain after the digestion can result
in an underestimation of TP (Jarvie et al., 2002). In this study,
this was avoided by exemplarily diluting the samples to a median
sample:Milli-Q water ratio of 4:3 and 1:2.

Furthermore, because of the pressure exerted by the vacuum
pump during the filtration (Rigler, 1968), the cells might collapse
such that P of particulate origin contaminates the dissolved
P fractions. This would lead to an underestimation of the
particulate P fractions. To avoid this problem, we prevented
crowding of the cells as described above.

Apparently, the traditional nomenclature is adaptable in less
eutrophic waters or rather in waters with less turbidity like
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TABLE 5 | Overview of the various nomenclatures and the terms used to detect the various phosphorus (P) categories.

Handling Traditional nomenclature Additional nomenclature used in the

literature

New nomenclature

Phosphomolybdate reaction in the

filtered sample

Dissolved inorganic P (DIP) SRP2−6, ortho-P2,3,4,6, PO3−1
4 , dissolved

reactive P (DRP)4,6, FRP4,6, MRP (filtered

samples)4,6

Dissolved molybdate-reactive P (DRP)

Difference between TRP and DRP Particulate inorganic P (PIP) – Particulate molybdate-reactive P (PRP)

Phosphomolybdate reaction in the

unfiltered sample

– MRP4 Total molybdate-reactive P (TRP)

Difference between DP and DRP Dissolved organic P (DOP) Dissolved hydrolyzable P (DHP)4,5, dissolved

unreactive P (DUP)4, soluble unreactive P

(SUP)4, filterable organic P (FOP)6

Dissolved non-molybdate-reactive P (DNP)

Difference between PP and PRP Particulate organic P (POP) – Particulate non-molybdate-reactive P (PNP)

Digestion of the unfiltered sample Total P (TP) – Total P (TP)

Digestion of the filtered sample Dissolved P (DP) Total dissolved P (TDP)4−6, total filterable P

(TFP)4,6
Total dissolved P (DP)

Difference between TP and DP Particulate P (PP) Total particulate P (TPP)6 Total particulate P (PP)

1Murphy and Riley (1962); 2Rigler (1968); 3Baldwin (1998); 4Jarvie et al. (2002); 5Withers and Jarvie (2008); 6Worsfold et al. (2016).

the station “Baltic Sea” (Table 3). Here, the difference between
TP and DRP/DIP are less and the amount of particulate P is
negligible. Thus, the proposed P categories could be used in
waters with less turbidity but are advisable in waters with a high
level of eutrophication and particles.

Differentiation of the Phosphorus
Categories
The P fractions (TP and DRP) of the traditional monitoring
(Nausch et al., 2011; Stammler et al., 2017; Han et al., 2018)
and that of the extended programs (Nausch et al., 2017, own
data) are highly variable, regardless of the chosen study area
(Table 2). This was evidenced by the similar ranges of our own
data from the estuary and the Baltic Sea and the mean TP
and DRP values reported by Nausch et al. (2011). Especially in
summer, the export of dissolved P forms out of theWarnow river
may support primary production in the estuary and the southern
Baltic Sea. Therefore, the proportion of PNP increased. The
general trend of a decrease in TP towards the Baltic Sea suggested
either the dilution of inflowing Baltic Sea water (Figure 4) or
smaller inflows in themunicipal area of Rostock together with the
sedimentation of particulate P forms. In a seasonal comparison,
the TP concentrations were higher in June 2017 than in February
2017. The reason therefore is a higher biomass in June than in
February. In February the phytoplankton is dominant whereas in
June the community consists of phytoplankton and zooplankton.
Additionally, the Secchi depth is lower in June than in February
which points to higher biomass in June.

In contrast to TP the PRP fraction was larger in February
than in June at all three stations. This may have been a
consequence of the high turbidity caused by a storm event that
occurred during sampling in February, especially at the station
“Baltic Sea.” Higher turbidity and PRP concentrations could be
positively correlated because dissolved P adsorb on particular
material like on resuspended sediment (Stainton, 1980). Except
for the river station, the amount of PNP in February was
less than in June, most likely due to particulate material that
was autochthonously built and not exported. Moreover, the

chlorophyll a concentration was in “Bützow” in February higher
than in June so that the high PNP data could be explained by a
possible phytoplankton bloom.

The values of the TP and DRP concentrations reported
by Stammler et al. (2017) in their study of the river system
associated with the Great Lakes (USA) and by Han et al. (2018),
who analyzed P concentrations in the Three Gorges Reservoir
(China), were higher than those determined at the Warnow
stations representing the Baltic Sea and the Warnow estuary but
also analyzed by Nausch et al. (2011). They were also higher
than those measured in a portion of the Warnow catchment
area (Nausch et al., 2017). This large variety in TP and DRP
may reflect regional differences between the different study areas.
Additionally, according to Stammler et al. (2017), the deviation
in the range of P values is allegeable by the different sampling
rhythms. The data used in that study were collected between 1979
and 2011, with monthly sampling during the growing season
(April to November). Our data were obtained from monthly
samples collected between September 2016 and September 2017.
On the other hand, Han et al. (2018) used data from four
samplings timed according to the water cycle of the examined
reservoir. In that study, sampling was performed in October 2014
(impounding period), January 2015 (high water level period),
July 2015 (low water level period), and April 2016 (sluicing
period).

Our results demonstrate that the various P forms occurring
in aquatic systems depend on the season and the hydrology.
Further research is needed to specify the single P components
and their function within the P cycle. They also showed that
the transformation processes taking place between the single P
fractions are not reflected in the traditional monitoring, which
detect only TP and DRP concentrations.

CONCLUSION

In traditional monitoring programs, only TP and DRP
concentrations are measured. This does not reflect the diversity
and complexity of P cycle in aquatic environment and
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underestimates the eutrophication potential. The determination
of all P categories is important both for comparison to data
reported in the literature and to own data within a single multi-
year study. However, because P forms are not stable, spatially and
even within the same season, all P categories must be measured
if effective nutrient reduction is to be successfully implemented.
Additionally, an understanding of the function of the individual
P components, such as their bioavailability, is important to
determine to identify their contribution to eutrophication.

Furthermore, it is necessary to communicate research results
to stake holders and implement the measurement of all P
categories into monitoring strategies. Therefore, a simple and
standardized method and concise nomenclature is helpful. The
molybdenum blue reaction is a common and standardized
method to determine P. The operative nomenclature, we
presented in this study, based on reactivity of P with
molybdenum blue. This should simplify research communication
and prevent misinterpretation due to the functional terms of
organic and inorganic P given to operational differentiated P
components.
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