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Abstract: The natural process of lake and reservoir eutrophication through nutrient accu-
mulation within sediments has been accelerated through anthropogenic sources of nitrogen
and, especially, phosphorus (P). Stored nutrients can result in significant internal loading
(during periods of low sediment redox potential or elevated pH), which may drive poor
water quality despite best practices in catchment management. Internal P loading can
promote proliferation of cyanobacterial and algal taxa responsible for harmful algal blooms
(HABs), as well as taste and odour (T&O) and cyanotoxin events. Here, we investigate the
sediment and water column P content of eight reservoirs by analysing iron-bound (Fe-P),
calcium-bound (Ca-P), and labile P fractions. We find that all but one reservoir demon-
strated high iron (Fe) content (27–52 g Fe/kg sediment), suggesting a high Fe-P binding
capacity and hence a potentially high susceptibility to redox-mediated internal loading.
However, we found no correlation between Fe-P and Fe content in sediments, suggesting
the Fe pool was not saturated with P and thus has capacity for further storage. All sites
had low levels of labile P (up to 0.14 mg P-PO4/g dry sediment), with the highest pool of
P being Ca-bound, which would be expected based on catchment geology and the presence
of Ca-minerals which bind P. Currently, within industry, emphasis falls on controlling the
external loading of nutrients from the surrounding catchment, often ignoring the critical
role of internal loading. However, here, we demonstrate the need to continually monitor
sediment P content and potential internal loading as part of the standard monitoring regime
used by water companies to inform reservoir management strategies.

Keywords: internal loading; nutrient loading; reservoir management; algal blooms; taste
and odour

1. Introduction
Eutrophication of water bodies due to phosphorus (P) loading is widespread and well

documented [1], and this remains a huge challenge with regards to the ecological quality
of freshwater systems and potable drinking water supplies [2]. It has been reported that
the input of P into freshwater systems has increased globally by 75% since the industrial
revolution, with P fluxes increasing from 8 to 22 million metric tonnes per year in the
same period [3]. Historically, point source discharges of P into surface water systems was
due to the prolific use of domestic and industrial P-rich detergents and other chemicals;
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however, these sources have reduced in recent years. Phosphorus, which has been widely
used within agriculture to improve crop production [4,5], now predominantly enters
waterways from diffuse sources, e.g., following the leaching of agricultural fertilizer [6].
Importantly, P is readily stored in reservoir sediments bound to Fe- and Ca-rich minerals [7];
hence, historical sources of P have combined to result in a legacy of stored P within lake
and reservoir sediments. This legacy effect of stored P is a significant contributor to the
risk of eutrophication and decreased water quality within lakes and reservoirs, despite
improvements in catchment management and reductions in anthropogenic P emissions.

Abstracted river inputs, rich in P, are largely responsible for external loading of P from
rivers into drinking water supply reservoirs. As a limiting factor, P distribution and
availability directly affects the biomass, biodiversity, and productivity of aquatic plants
and phytoplankton [8]. As such, shifts in the concentrations of P within freshwater systems
can trigger cyanobacterial bloom events, including harmful algal blooms (HABs), as well
as supporting the proliferation of cyanobacterial taxa responsible for the production of
taste and odour (T&O) metabolites and cyanotoxins. Such water quality events are of great
concern to the water industry as, in drinking water supply reservoirs, the presence of such
water-quality issues not only trigger customer complaints but require high-cost drinking
reservoir management programmes and water treatment processes. This is of significant
concern regarding water-supply security, where climate change influences the quality and
quantity of water resources are increasing stressors that already results in high costs and,
arguably, over-stressed water-treatment systems within the water-supply industry. To
quote one UK water company, “every drop counts”, and therefore, water quality is now
almost as important as water quantity.

Due to the issues surrounding excessive P within the UK, as well as across Europe,
regulations are in place to monitor and control the input of P into rivers and lakes [9], and
there has been a notable reduction in external P loading in recent years [10]. However,
attention also needs to be paid to the potential for internal loading from sediments, which
may harbour decades of stored P [11]. A reduction in externally sourced P through man-
agement can increase the significance of internal P loading from the sediment [12], with
the underlying processes influencing P release from sediments having been extensively
reviewed [13]. Under suitable pH and redox conditions, P released from sediments can
render waterbodies eutrophic [7,14–16]. The fraction bound to Fe (Fe-P) is highly sus-
ceptible to redox potential [13,17]. Stratification of a water body and/or high bacterial
metabolic rates in sediments can induce a low redox state in which ferrous Fe3+ is reduced
to ferric Fe2+, in turn reducing the binding capacity of P as phosphate (OP). This increases
the amount of labile P which can be released across the sediment-water interface [17].
Increased temperature is typically linked to reduced P adsorption by sediments [18]. In
sediments with high levels of calcium (Ca), calcium-bound P (Ca-P) is more susceptible
to changes in pH, which results in hydroxyl ions competing with OP for binding capacity.
Due to the presence of a chemical gradient and/or sediment resuspension (characteristic
of shallow water bodies), high concentrations of P in sediment can lead to P release into
overlying water [19,20] found that more than 50% of externally loaded P can be stored
within sediment, and, under the right conditions, the effects of internal P loading from
sediments to the water column can be seen for decades after the external P loading has
ceased [21,22]. It is therefore imperative that lake and reservoir managers know the nutri-
ent storage capacity and mineral composition of the sediments at their sites to ultimately
maintain and preserve water quality, something which is not currently implemented into
standard monitoring procedure.

Here, we investigate the sediment and water column P content of eight British reser-
voirs, belonging to four British water companies, by analysing iron-bound (Fe-P), calcium-
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bound (Ca-P), and labile P fractions. This approach was taken as the methods for such
analysis are simplistic and could easily be undertaken through sediment sampling and
standard laboratory processes by water companies or their subcontractors. The overarching
aim is to demonstrate the value of sediment P characterisation to better evidence reservoir
management such as engineered approaches, e.g. forced mixing or catchment management
to reduce external loading.

2. Methods
2.1. Sampling Sites

Between April 2023 and February 2024, 60 cm3 sediment cores (with an internal
core diameter of 9 cm, taken at a 3 cm depth) were collected from eight drinking water
supply reservoirs, belonging to four British water companies, using a UWITEC USC 06000
gravity corer. Reservoirs are anonymised at the request of the water company partners.
Additional smaller, unquantified samples were also collected from some reservoir sites for
sediment surface samples. Sample collection dates and sampling depths are summarised in
Table 1. Note that sampling dates spanned different seasons and hence different sediment
conditions; we stress the aim of this study was not to compare sites but to utilise sediment
sampling opportunities to demonstrate the extent of P storage in reservoirs and, ultimately,
the need for routine sediment analysis in lake and reservoir management. Sediment
samples were stored at 4 ◦C while in transit, whereby a subsample of 2 to 20 g was shipped
to Cardiff University and stored at −20 ◦C until analysis (within 2 to 3 days), and the
remaining sample volume was shipped to Envirolab (Hattersley, UK) for analysis. Note
that Reservoir E was treated with copper sulphate during July 2022 and 2023 [23].

Table 1. Summary collection dates and water column sampling depths for sediment samples collected
between April 2023 and February 2024 from eight British reservoirs, belonging to four different
water companies.

Water Company Reservoir Sediment
Sampling Dates

Water Column
Sampling Depth, m

Company 1 Reservoir A February 24 1.4–1.8

Company 1 Reservoir B February 24 5.9–6.0

Company 1 Reservoir C April, August,
November 23 7.0–14.0

Company 2 Reservoir D April, August,
November 23 8.5–11.5

Company 3 Reservoir E May 23 4.0–10.0

Company 3 Reservoir F May 23 4.0–16.0

Company 4 Reservoir G June 23 9.0–23.0

Company 4 Reservoir H June 23 12.0–24.0

2.2. Sediment Composition

Iron content analysis was performed by Envirolab using an in-house method, i.e.
A-T-024 using acid digestion of the sediment samples, followed by ICP-OES. Extraction of
iron-bound (Fe-P), calcium-bound (Ca-P), and labile P fractions was conducted at Cardiff
University in May 2023. Sediment samples were thawed at 4 ◦C in the dark overnight
and homogenised prior to analysis. Triplicate 0.5–2 g subsamples of each sediment were
dried at 85 ◦C for 24 h and water content was determined as mass lost as a percentage
of the initial weight. Paired wet sediment samples were incubated with 0.1 M sodium
hydroxide, 0.5 M hydrochloric acid, or 1 M ammonium chloride, respectively, to determine
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Fe-P, Ca-P, and labile P fractions stored in the sediment [17]. The samples were mixed with
20 mL of extractant and incubated at room temperature, with slight agitation. Fe-P samples
were incubated with hydrochloric acid for 24 h, Ca-P samples were incubated for 17 h
with sodium hydroxide. Labile P measured as OP (orthophosphate) was extracted with
ammonium chloride and twice incubated for 2 h. At the end of the incubation, sediment
was removed by centrifugation (4000 rpm for 15 min), the sodium hydroxide supernatant
neutralised with 4 mL 0.5 M hydrochloric acid, and the hydrochloric acid supernatant
neutralised with 3 mL of 3 M sodium hydroxide.

Each supernatant was analysed for orthophosphate (OP) using the ascorbic acid
method [24], adapted to a 96-well plate and read using a BMG SPECTROstar NANO plate
reader [1,2]. A neutralised blank of each of the incubation solutions was used to prepare the
standards (with KH2PO4) and dilute samples where required. Each sample was analysed in
triplicate with these methods. The amount of OP per dry sediment (mg P-PO4/g sediment)
was calculated for each individual analysis.

2.3. Phosphate Absorption Capacity

Phosphate absorption capacity (PAC) was assessed by incubating sediment samples
exposed to a range of phosphate concentrations and determining the amount absorbed at
equilibrium [3]. Wet sediment equivalent to a known dry weight of 0.1–0.2 g dry weight
was weighed into five 50 mL plastic centrifuge tubes. Phosphate (KH2PO4) solutions of 0,
0.05, 0.5, 1, and 5 mg/L P-PO4 were prepared, and 20 mL of each concentration was added
to a tube. In some cases, where there was insufficient sediment due to small sample volume,
10 mL of solution was added. Tubes were agitated and incubated for 24 h. At 1, 2, 4, 6, and
24 h; the samples were mixed by inversion; and a 1-mL aliquot was taken. The aliquots
were centrifuged for 10 min at 4000 rpm and then analysed for OP (see above) using
phosphate standards prepared with KH2PO4 in ultrapure water for the calibration curve.

The equilibrium phosphorus capacity (EPC) is calculated by plotting the final phos-
phate concentration, mg/L P-PO4 (C), and the amount of phosphate absorbed per gram
of dry sediment at equilibrium, mg/g P-PO4 (E). The logarithmic trend was calculated in
R [25]. The standard error for the EPC was calculated by adding the standard errors from
the output to the equation below for c and m and determining the difference between the
two. Data were fitted to the Freundlich equation which expresses the rate and capacity of
the absorption. The output determined the intercept (c) and gradient (m) along with the
standard error (se), from the trendline:

E = c (±se) + m (±se) ln (C).

The EPC was calculated when E = 0, thus,

EPC =
1

e
( c

m
) .

Data were also fitted to the Freundlich equation which expresses the rate and capacity
of the absorption. The Freundlich adsorption equation is as follows [26]:

E = k.C1/n,

where k and 1/n are constants depending on absorbent, solute, contact time, type of mixing,
and temperature.

A logarithmic plot of E and C was used to determine the constants for each sediment
from the following:

log E = logk +
1
n

. log C,
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where k = E when C = 1 and the gradient equals 1/n.
A higher EPC suggests a higher risk of internal loading and can be compared to

site OP concentrations in the water column. In simplistic terms, there is a risk of internal
loading when OP is less than the EPC.

2.4. Orthophosphate in Overlying Water

Between June 2022 and December 2023, between 0.5 and 1L of accompanying reservoir
water was collected from multiple locations within each reservoir (except Reservoir F)
at different depths (surface water, a mid-point in the water column, and the bottom of
water column near the sediment). The samples were stored at 4 ◦C prior to analysis.
A 1-mL aliquot of each sample was filtered through a 0.45-µm nylon filter before being
analysed for OP (as above). For Reservoir F, total phosphate (TP) data were provided by
Company 3.

3. Results
3.1. Sediment Composition

Total Fe and water content for sediment samples taken from the eight reservoirs are
summarised in Table 2. All sediments had high Fe content, ranging from approximately
27 to 52 g Fe/kg sediment. The exception was Reservoir A, which had only ~6 g Fe/kg
sediment. This would suggest a high Fe-P binding capacity, though with a potentially
high susceptibility to redox-mediated internal loading, for a majority of the sites (with the
exception of Reservoir A).

Table 2. Iron (Fe) and water content for sediment samples (±standard error (se)) taken from
eight British reservoirs.

Reservoir Fe, mg/kg, ±se Water Content, %w/w, ±se

Reservoir A 6600 ± 1200 65 ± 0.66

Reservoir B Not measured 62 ± 2.71

Reservoir C 35,700 ± 1500 80 ± 1.28

Reservoir D 33,400 ± 2050 83 ± 1.41

Reservoir E 52,700 ± 1550 82 ± 0.31

Reservoir F 27,200 ± 2100 86 ± 0.34

Reservoir G 27,950 ± 1950 81 ± 0.44

Reservoir H 36,450 ± 2650 77 ± 0.20

3.2. Phosphorus Fractions

All reservoirs showed P storage in the form of Fe-P (Figure 1). Reservoirs A, B, and G
had lower levels of Fe-P (0.1–0.5 mg/g), while Reservoirs E, F, and H had a higher range of
Fe-P (0.3–1.8 mg/g). Reservoir C had higher Fe-P in April and August (0.5–1.6 mg/g), and
moderate levels in November (0.5 mg/L). Reservoir D had 0.2–1.9 mg/L Fe-P throughout
the year. There was no correlation between Fe-P and iron content in the sediments. In
comparison, all sites had lower levels of labile phosphate (up to 0.14 mg P-PO4/g dry
sediment; Figure 1). For all reservoirs the highest pool of P was Ca-bound. Reservoir A, B,
and G had lower levels of Ca-P at 0.2–0.7 mg/g, while Reservoirs E, F, and H had higher
levels of Ca-P (0.3–2.6 mg/g). Reservoir C had the highest range in Ca-P (0.7–5.1 mg/g).
Reservoir D had moderate levels of Ca-P throughout the year (0.8–1.1 mg/L).
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Figure 1. Phosphorus (P-PO4) fractions in eight British reservoirs. (Top) Reservoir A and Reservoir B
(collected February 2024); Reservoir E and F (collected May 2023); Reservoir G and H (collected June
2023). (Bottom) Reservoir C and D (collected April, August, and November 2023).

3.3. Phosphorus Absorption Capacity (PAC)

The phosphorus absorption capacity (PAC) was assessed by calculating the EPC with
data fitted to the Freundlich and Langmuir equations; however, the latter equation did
not show a significant fit for any of the reservoir data. Figure 2 shows examples of the
EPC and Freundlich plots and Table 3 summarises these results. Reservoirs A, B, C, E,
and F showed significant linear Freundlich plots (r2 > 0.6, p < 0.05), and Reservoirs G and
H also had significant Freundlich plots (r2 > 0.8, p < 0.05), but with n > 1. Reservoir D
had poor Freundlich plots with r2 < 0.6 (p > 0.05). The most notable result in analysing
EPC for the 8 reservoirs (Table 3) is the very high values for Reservoirs E and F (0.44 and
0.49 mg P-PO4/L), which are the two sites regularly dosed with copper sulfate. Reservoir C
had lower EPC in August, with similar values reported for sites G and H (0.013–0.18 mg/L).
Reservoirs A, B, and C in November had higher EPC (0.03–0.06 mg/L), suggesting more
likelihood for internal loading of P. Reservoir D had very low EPC values (0.007 mg/L).



Water 2025, 17, 799 7 of 13

Water 2025, 17, x FOR PEER REVIEW  7  of  14 
 

 

Reservoirs A, B, and C in November had higher EPC (0.03–0.06 mg/L), suggesting more 

likelihood for internal loading of P. Reservoir D had very low EPC values (0.007 mg/L). 

 

Figure 2. PAC plots  for a British  reservoir, here named Reservoir C  (collected November 2023). 

(Top): EPC plot. Dashed lines show the standard error of the curve; the grey vertical line marks the 

EPC (0.04 mg/L). (Bottom): Freundlich plot. C = final concentration, OP mg/L; E = phosphate ab-

sorbed at equilibrium, OP mg/g. 

Table 3. Equilibrium phosphorus concentration (EPC) with standard error (se); Freundlich equa-

tions with r2, for eight British reservoirs. 

Reservoir  Month  EPC, mg P‐PO4/L ± se  Freundlich, E Freundlich, r2 

Reservoir A  February  0.03 ± 0.002  0.13C0.89  0.88 

Reservoir B  February  0.06 ± 0.002  0.09C1.09  0.80 

Reservoir C  April  0.03 ± 0.001  0.22C0.95  0.78 

Reservoir C  August  0.016 ± 0.003  0.94C1.04  0.63 

Reservoir C  November  0.03 ± 0.001  0.22C1.10  0.90 

Figure 2. PAC plots for a British reservoir, here named Reservoir C (collected November 2023).
(Top): EPC plot. Dashed lines show the standard error of the curve; the grey vertical line marks
the EPC (0.04 mg/L). (Bottom): Freundlich plot. C = final concentration, OP mg/L; E = phosphate
absorbed at equilibrium, OP mg/g.

Table 3. Equilibrium phosphorus concentration (EPC) with standard error (se); Freundlich equations
with r2, for eight British reservoirs.

Reservoir Month EPC, mg P-PO4/L ± se Freundlich, E Freundlich, r2

Reservoir A February 0.03 ± 0.002 0.13C0.89 0.88

Reservoir B February 0.06 ± 0.002 0.09C1.09 0.80

Reservoir C April 0.03 ± 0.001 0.22C0.95 0.78

Reservoir C August 0.016 ± 0.003 0.94C1.04 0.63

Reservoir C November 0.03 ± 0.001 0.22C1.10 0.90

Reservoir D April 0.007 ± 0.0004 0.37C0.81 0.46

Reservoir D August Not well defined 0.59C0.47 0.22

Reservoir D November 0.007 ± 0.00005 0.79C0.82 0.52

Reservoir E May 0.44 ± 0.02 0.03C0.99 0.67

Reservoir F May 0.49 ± 0.02 0.07C1.11 0.68

Reservoir G June 0.018 ± 0.003 0.095C0.62 0.86

Reservoir H June 0.013 ± 0.0006 0.28C0.72 0.88
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3.4. Orthophosphate (OP) and EPC

When comparing the calculated EPC with the OP concentrations in the overlying water
column between June 2022 and December 2023, all reservoirs showed some OP readings
below the corresponding EPC (Figure 3). It should be noted that different reservoirs
were sampled at different locations and/or water depths as a function of different water
company monitoring programmes; however, as data were limited, further analysis of
spatial and depth concentrations relative to the calculated reservoir EPC values was not
undertaken. Reservoirs A and B water sample OP concentrations were mostly below EPC
(0.06 mg/L) from March to October 2023. Reservoir C OP levels were generally below
the EPC (0.03 mg/L), particularly May to October. In Reservoir D, OP levels were mostly
below the EPC (0.007 mg/L) after July 2023. The OP in Reservoir E was below the EPC
(0.44 mg/L) except from August to October 2022. Reservoir F had TP below the EPC
(0.49 mg/L) throughout the whole sampling period. Reservoir G typically had OP lower
than EPC (0.018 mg/L), except for some samples between November 2022 and February
2023. The OP in Reservoir H was generally lower than EPC (0.013 mg/L), although there
were some readings above the EPC. Overall, these data suggest a high likelihood for internal
P loading based on the calculated EPCs, notably with high likelihood for internal loading
in summer months when algal and cyanobacterial poor water quality risk is high.
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Figure 3. Orthophosphate (PO4-P, mg/L) in water column of eight British reservoirs, grouped by
sampling level or point. EPC for each reservoir is indicated by a horizonal line. Note that the scale of
the y-axis is different for Reservoirs E and F to the other plots and that Reservoir F uses total phosphate
(TP) data. For each reservoir location points and water depths of samples are indicated where they
varied between reservoirs as a function of different water company monitoring programmes.
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4. Discussion
The aim of this study was to determine the extent of P storage from historical legacy

inputs within a range of water-supply reservoirs. Results highlight the importance of study-
ing reservoir sediments to evidence reservoir management. The experimental approach
focused on determining the extent of P storage using simple sampling and laboratory
techniques and demonstrating how relatively limited sampling can still be informative
for management. Findings showed Ca-P to be the most abundant form of sediment P;
however, all sites had a significant amount of P bound as Fe-P. In comparison, labile P was
at a much lower sediment content, possibly due to release into the water column along
diffusional gradients across the sediment-water interface. Findings indicated potential
for pH, temperature, and redox-mediated processes to induce internal loading. Further-
more, comparing EPC with water-column OP concentrations, it would appear that these
reservoirs would all have significant internal P loading. This is highly important when
considering lake and reservoir management approaches to reduce the effects of biological
water quality risk, e.g., HABs and T&O risk. These findings indicate that reducing external
loading of P through catchment management may be ineffective as this will not address
internal P loading from sediment.

With the exception of Reservoir A, all sampled reservoirs demonstrated high Fe con-
tent; this suggests a high Fe-P binding capacity and thus a potentially high susceptibility
to redox-mediated internal loading [13,17,27]. There was no correlation between Fe-P and
Fe content in the sediments, which indicates that the Fe pool was not saturated with P and
therefore has further storage capacity. We also detected elevated EPC values (where a
higher EPC suggests a higher risk of internal loading) [28] for Reservoirs A-C, as well
as E and F (the two reservoir sites dosed each year with copper sulphate), indicating an
increased likelihood for the internal loading of P into the reservoir water column. Further,
we demonstrate that all reservoirs sampled had some OP measurements below EPC which
again indicates a risk of internal loading, although perhaps expected based upon the Fe
and Fe-P content of the sediment. Finally, in all reservoirs, we found that the highest pool
of P storage was Ca-bound; however, this is not unexpected based upon catchment geology,
hence the presence of Ca-minerals that can bind P [29,30].

The finding that reservoir water column OP concentrations were often below the EPC
is important as many water companies work with stakeholders and land users within
the catchment to reduce P in the form of external inputs to surface waters. This is, of
course, critical; however, measuring the success of this management approach will be
masked if internal loading of P results in sufficient nutrients to support biological processes
(e.g., HABs, T&O events) and, ultimately, persistently poor water quality. Historical
evidence of the failure to restore water quality through decreased external loading is
established through work on the Norfolk Broads in the UK [31]. Here, external loading
was significantly reduced but nutrient levels remained high through internal loading,
requiring sediment dredging at some sites [31]. Additional studies also highlight such
failures where, despite external loading limitations, biomanipulation of fish stocks and
establishment of macrophytes were required to achieve lake recovery through more nature-
based solutions [31–33]. These results demonstrate the complexities of lake and reservoir
management and the need to consider bottom-up nutrient controls alongside top-down
trophic cascade biological controls.

Another approach to reservoir management which has become increasingly popular
is to prevent stratification of deeper sites through forced mixing, particularly for nutrient-
related issues like surficial HAB. Destratification utilises engineered mixing/aeration via,
e.g., turbines such as ResMix, water-lift aerators, or bubble plumes [34]. The general aim is
to prevent surficial algal blooms whilst simultaneously mixing oxygen-rich surface waters
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into the deeper parts of the water column [35,36]. Ideally, this facilitates a higher redox
potential in the benthic region and, in turn, decreased anoxia-driven sediment release
of nutrients and other soluble chemical species. If these engineered aeration approaches
are able to establish a higher redox potential in the sediment as well; then, ferric Fe3+

will not be reduced to ferrous Fe2+ and hence binding capacity of OP is preserved [37].
Alternatively, aeration mixers may simply maintain water-column redox and facilitate
re-oxidation of reduced forms of compounds released from the sediment; this strategy has
been used for mitigation of manganese and iron released from the sediment as soluble
Mn2+ and Fe2+, oxidising these back to insoluble forms that precipitate out and settle
back to the bottom sediment of the reservoir [38–40]. There are mixed opinions in the
literature on the effectiveness of aeration for controlling internal P loading; however, it has
been shown in some cases to be a successful approach for sediment P retention, e.g., as
Fe-P complexes [41,42]. Combining in-reservoir aeration strategies with management of
external P loading has been recommended [43].

An important aspect of reservoir management in the current study is that four of our
study sites, Reservoirs C, D, E, and H, had forms of engineered mixing (i.e., ResMix or
bubbler systems; information supplied by each water company), yet these sites still had a
significant likelihood of internal P loading. It is suggested based on the results of this study
that, as part or any engineered solution being considered by a water company, sediment
analysis to characterise the extent of redox-susceptible P storage in the reservoir should be
undertaken to determine the likelihood of success. Concomitant mass balance analyses can
determine the relative importance of external and internal P loadings.

Our finding that all sampled reservoirs demonstrated high Fe content, suggesting in-
creased Fe-P binding capacity, indicates a potentially high susceptibility for redox-mediated
internal P loading from the sediment. Whilst higher Fe-P content would suggest increased
potential for internal loading from this pool, this is dependent upon redox-mediated pro-
cesses, which, in turn, are affected by carbon loading to the sediment. Hence, risk is
elevated when there is increased sediment input of carbon (e.g., from algal deposition)
alongside storage of Fe-P. High benthic bacterial metabolism can cause a decline in redox
potential, inducing ferric to ferrous reduction and subsequent release of bound P. This is
typically paralleled by increases in soluble Fe2+ and Mn2+ in the overlying water [37,44].

Two other key findings of this study highlight complexities in understanding sediment
internal loading of P. First, when water column OP concentrations were less than EPC,
this often coincided with comparatively low sediment labile P content. This finding
strongly suggests that there is internal release of P from the labile pool across the sediment-
water interface, facilitated by simple diffusional gradients (i.e., high concentrations in the
sediment to lower concentrations in the water column) or through sediment disturbance
(e.g., wind-induced resuspension or bioturbation). Released P from the sediment would
be mixed into the water column where biological uptake would contribute to dilution
effects; hence, spikes in water column OP concentrations are not likely to be characterised
without high temporal resolution of monitoring. It is important to realise that even with a
mixed water column, high rates of bacterial metabolism can result in increased biological
oxygen demand (BOD), especially if warmer water is mixed downwards in the water
column and warms the sediment [13,27]. This will potentially reduce sediment redox and
cause reduction of ferrous Fe2+ and release of P into the labile pool, thereby increasing
the diffusion gradient across the sediment-water interface and contributing to internal
P loading even within a mixed reservoir.

Secondly, the high EPC and sediment P concentrations of the reservoir sites with cop-
per sulphate dosing highlights the need for more holistic management strategies. Copper
sulphate is an efficient means of HAB termination [23,45–47] via killing of the algae and
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cyanobacteria. However, the dead cells then precipitate and settle out of the reservoir,
increasing the storage of nutrients once the organic matter has been mineralised. Results
indicate that it is highly likely that this management approach increases eutrophication
rates and, correspondingly, longer term processes influence internal nutrient loading in
these reservoirs.

In conclusion, this simple study of reservoir sediments from eight UK drinking water
supply reservoirs is a reminder that reservoir and lake managers must consider sediment
analysis as essential for understanding nutrient dynamics and must integrate such methods
into standard monitoring procedures and management impact assessments. The fact
that all study sites showed significant risk of internal P loading, despite four of these
sites having aeration mixers to prevent stratification, indicates the potentially significant
and prevalent influence of internal loading within water-supply reservoirs. The study
also demonstrates (i) a simple monitoring approach for evaluating reservoir sediment
P storage and (ii) a straightforward management approach for using sediment EPC and
water-column OP concentration comparisons to establish if internal P loading is likely
to occur. The methods outlined here would complement, and inform on the successes
or failures of, potential approaches for managing the internal loading of P in reservoir
sediments, which may include (i) sediment dredging; (ii) biomanipulation of fish stocks
and the establishment of macrophytes to facilitate recovery through nature-based solutions
(i.e., bottom-up nutrient control); and (iii) prevention of the stratification of deeper sites
through the engineered mixing or aeration to facilitate a higher redox potential in the
benthic region and decrease the anoxia-driven sediment release of nutrients. Overall,
findings emphasise the critical importance of knowledge of sediment nutrient storage and
internal loading potential to successful lake and reservoir management and sustainable
water resources.
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