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Abstract Aside from a companion investigation to

this study, there are currently no peer-reviewed

phosphorus (P) release rate data for northern North

American (i.e., Canadian) reservoirs. Using Lake

Diefenbaker, Saskatchewan, Canada as a case study,

we tested the effect of variation in overlying water DO

conditions on the P release rates from sediment cores.

Sediment cores from four down-reservoir locations in

Lake Diefenbaker were incubated under high

([8 mg l-1), low (2–3 mg l-1), or anoxic

(\1 mg l-1) DO concentrations. Sediment cores were

then analyzed for total P (TP) and three geochemical P

fractions to assess how the DO regime influenced

sediment P inventory. Maximum P release rates were

highest under anoxic conditions and similar among

sites (15.0–20.3 mg m-2 day-1), with the low-DO

rates intermediate to the high-DO and anoxic P fluxes.

Predictive internal P loading models considering only

hypolimnetic anoxia may therefore oversimplify and

thus underestimate P mobilization in situ. Non-apatite

inorganic P (54 ± 10% across sites) from the top 1 cm

of the sediment profile was the main source of P

released during incubations, indicating that sampling

on a coarser scale of resolution could obscure the

relationship between sediment geochemistry and

short-term P flux.

Keywords Lake Diefenbaker � Anoxic � Internal

phosphorus loading � Phosphorus fractionation � Iron �
Dissolved oxygen � Prairie

Handling editor: Jasmine Saros

Electronic supplementary material The online version of
this article (doi:10.1007/s10750-016-2977-2) contains supple-
mentary material, which is available to authorized users.

L. E. Doig � K. Liber (&)

Toxicology Center, University of Saskatchewan, 44

Campus Drive, Saskatoon, SK S7N 5B3, Canada

e-mail: lorne.doig@usask.ca

L. E. Doig � R. L. North � J. J. Hudson �
K.-E. Lindenschmidt � K. Liber

Global Institute for Water Security, University of

Saskatchewan, 11 Innovation Boulevard, Saskatoon,

SK S7N 3H5, Canada

R. L. North � J. J. Hudson � C. Hewlett

Department of Biology, University of Saskatchewan, 112

Science Place, Saskatoon, SK S7N 5E2, Canada

K.-E. Lindenschmidt � K. Liber

School of Environment and Sustainability, University of

Saskatchewan, 117 Science Place, Saskatoon,

SK S7N 5C3, Canada

K. Liber

Institute of Loess Plateau, Shanxi University, Taiyuan,

Shanxi, People’s Republic of China

123

Hydrobiologia

DOI 10.1007/s10750-016-2977-2

http://dx.doi.org/10.1007/s10750-016-2977-2
http://crossmark.crossref.org/dialog/?doi=10.1007/s10750-016-2977-2&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s10750-016-2977-2&amp;domain=pdf


Introduction

The water quality of lakes and reservoirs in many areas

of North America and Europe is deteriorating (Cooke

et al., 2005). Eutrophication in particular, is a wide-

spread issue and comes with many social and

economic costs (Pretty et al., 2003). Increased trophic

state is often the result of increased availability of

phosphorus (P), which is a limiting nutrient for

freshwater primary production (Schindler,

1974, 1977). Phosphorus availability can increase as

a result of increased point (e.g., municipal and

industrial effluent discharge) and non-point (e.g.,

agricultural runoff) sources in a catchment. However,

even when external sources are reduced, internal

loading of P (i.e., the release of P from lake sediments)

can also significantly contribute to trophic state

(Granéli, 1999; Marsden, 1989) and delay any decline

in system primary production.

Internal loading of P from anoxic sediments often

represents the main summer P load to lakes and

reservoirs, and can strongly affect their water quality

(Nürnberg, 2009). Bottom waters of deep lakes are

isolated from the atmosphere during summer thermal

stratification, and can become oxygen depleted,

resulting in significant release of Fe-associated P

(Pearsall & Mortimer, 1939). Climate change has

altered lake stratification in large lakes (Livingstone,

2003; North et al., 2013, 2014) and across the globe

(e.g., Kraemer et al., 2015), with increased extent and

intensity of thermal stratification exacerbating lake

anoxia (Hecky et al., 2010; North et al., 2014; Palmer

et al., 2014). In reservoirs where sediments currently

act as sinks for P, increased duration, spatial extent, or

intensity of thermal stratification could increase the

potential for internal P loading from sediments. This

will have serious long-term repercussions for

potable water supplies in terms of water use, including

potentially toxic algal blooms and increased costs to

engineer water treatment solutions, and could cause

significant delays in the recovery from eutrophication.

Sediment geochemistry can provide insight into the

potential for internal P release and the anticipated

response of primary producers. Various geochemical

forms of P are found in sediments, and their distribu-

tion in different fractions influences the amount of P

that can be released under varying environmental

conditions (Boström & Pettersson, 1982; Zhou et al.,

2001). The different P forms can be quantified using

different sequential extraction schemes, with early

schemes involving three or four main P fractions

(Chang & Jackson, 1957; Williams et al., 1976), and

more modern schemes including additional geochem-

ical fractions (e.g., Kopáček et al., 2005; Psenner et al.,

1988; Ruttenberg et al., 2009). Not all geochemical

forms of P are equally labile, with reductant-soluble P

(e.g., non-apatite inorganic P or NAIP) approximating

bioavailable P (Golterman, 1976).

This study used Lake Diefenbaker, a large reservoir

in the northern Great Plains in southern Saskatchewan,

Canada, as a test case to assess the impact of reduced

availability of dissolved oxygen on P mobilization in

prairie water bodies. To date, limited P speciation and

sediment release data are available for lakes in the

northern Great Plains. Prairie soils are naturally rich in

nutrients and further fertilized by agricultural activi-

ties which can result in large and diffuse nutrient loads

to prairie water bodies (Allan & Williams, 1978).

Aside from a companion study (North et al., 2015a; a

mass balance approach to assessing P mobilization

from Lake Diefenbaker sediments), we are aware of no

other peer-reviewed P release rate data for a Canadian

reservoir. Given (i) the paucity of northern data, (ii)

the ever-increasing economic importance of this and

other reservoirs on a global basis (Zarfl et al., 2015),

(iii) the inherent differences between river-valley

reservoirs and natural lakes [e.g., regional locations,

hydraulic retention, loading rates for sediment and

nutrients, rate of aging, physical, chemical and

biological zonation (Morris & Fan, 1997)], and (iv)

anticipated effects associated with climate-induced

warmer water temperatures and changes to lake

stratification patterns, there is a need to better under-

stand P speciation and mobilization in these types of

water bodies.

The goal of this study was to investigate P

speciation in the sediments of Lake Diefenbaker to

evaluate the potential for P mobilization as a function

of DO scenarios anticipated under a changing climate,

longitudinal reservoir zonation (Kimmel & Groeger,

1984), and P geochemistry. We designed a sediment

core incubation experiment to test the relative max-

imum release rates of P under different DO scenarios

including well oxygenated ([8 mg DO l-1, high-DO

treatment), meant to represent isothermal conditions in

the reservoir, low-DO concentrations (2–3 mg DO

l-1, low-DO treatment), representing observed DO

minimums, and anoxic (\1 mg l-1, anoxic treatment),
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representing a future worst-case scenario. These DO

scenarios are linked to increased strength and duration

of water column stratification combined with

increased algal biomass, organic matter decomposi-

tion, and lower flows (Hudson and Vandergucht,

2015) associated with climate change. The majority of

studies to date have conducted incubations under well

oxygenated or anoxic conditions, ignoring intermedi-

ate and perhaps more representative in situ environ-

mental conditions. A continuum of DO concentrations

can occur in the bottom waters of lakes and reservoirs,

differing on seasonal and spatial bases. Therefore, an

intermediate DO concentration was tested, based on

in situ minimum DO concentrations in the reservoir

([2 mg l-1, North et al., 2015a). We collected

sediment cores from four down-reservoir locations

(Fig. 1) in the main channel of Lake Diefenbaker

along the longitudinal axis of the reservoir. After

64-day incubations, a sequential extraction

scheme was employed to measure total sediment P

concentrations and three P fractions (based on Wil-

liams et al., 1976) to assess the relationships between

oxygen status, P mobilization, and P geochemistry.

These fractions included HCl-extractable P (PHCl; P in

apatite and calcite), NAIP (the reductant-soluble P

which includes metal oxide bound P) and organic P

(OP). Although more modern fractionation schemes

are available, the fractionation scheme of Williams

et al. (1976) was used because it is simple, easy to

perform, comparable to previous studies of prairie

lakes (e.g., Allan & Williams, 1978; Lucas et al.,

2015a), and relevant to the questions being asked

regarding internal P loading.

Materials and methods

Site description and core collections

Limnological characteristics of Lake Diefenbaker are

described in Abirhire et al. (2015), Dubourg et al.

(2015), Lucas et al. (2015b), North et al. (2015a, b),

and Sadeghian et al. (2015). Briefly, Lake Diefenbaker

(Fig. 1; 51�0105300N, 106�5000900W) is the largest

reservoir in southern Saskatchewan, Canada. It was

formed by the construction of the Gardiner and

Qu’Appelle River dams, with filling beginning in

1967. It is a long (182 km) and narrow (maximum

width 6 km) reservoir confined by the original river

valley and embayments. Lake Diefenbaker retains the

majority of total phosphorus (TP) externally loaded

from its major tributary, the South Saskatchewan

River (94% for 2008–2011, Donald et al., 2015; 91%

for 2011–2013, North et al., 2015a); therefore serving

as a significant sink for P. This external TP load to

Lake Diefenbaker averaged 1,074 tonnes year-1 for

the 2011 and 2012 hydrologic years (North et al.,

2015a) and consisted largely of particulate P

(78.1–94.2%; Johansson et al., 2013).

Low-DO concentrations do not appear to be a

widespread issue in Lake Diefenbaker. Nevertheless,

anoxic conditions have been noted, with concentra-

tions\1 mg l-1 recorded in late summer 1984 in up-

reservoir areas and under-ice in the winter

(1.8 mg l-1; March 1985) in the Qu’Appelle arm

[Saskatchewan Environment and Public Safety, Water

Quality Branch and Environment Canada, Inland

Waters Directorate, Water Quality Branch, (SEPS &

EC, 1988)]. Recent characterization of DO concen-

tration profiles (North et al., 2015a) demonstrated that

minimum DO concentrations (C2.24 mg l-1) occur in

August at shallow up-reservoir sites and in the

Qu’Appelle arm of the reservoir.

Sediment sampling locations were chosen based on

the data from a previous investigation (Lucas et al.,

2015a) that demonstrated that surficial concentrations

of redox-sensitive P (i.e., the NAIP fraction) increased

with distance down-reservoir in Lake Diefenbaker.

They were also meant to complement sampling

locations in North et al. (2015a) intended to assess
Fig. 1 Locations of sediment core collection sites in Lake

Diefenbaker, Saskatchewan, Canada, summer 2013
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the relative contribution of internal loading to P

concentrations in the surface waters of Lake Diefen-

baker. Therefore, sampling efforts focused on regions

believed to have the highest potential for P release.

Cores of sediment were collected using a Glew

gravity corer (John Glew, Kingston, ON, Canada) and

acrylic core tubes with a 7.6 cm diameter and 61 cm

length. Cores were collected July 4 (Site RH, 12 cores

near the town of Riverhurst; Site SB, 13 cores near

Sage Bay), July 5 (Site QA, 10 cores in the Qu’Appelle

arm), and July 25 (Site GA, 10 cores in the Gardiner

arm), 2013, from mid-channel locations (Fig. 1). At

each site, DO concentration and temperature were

measured (Thermo Scientific Orion Star A223 RDO/

DO Meter, Thermo Scientific, Waltham, MA USA) in

the overlying water of four of the core tubes imme-

diately upon collection. Details regarding water

depths, surface- and bottom-water temperatures, and

bottom-water DO concentrations are provided in

Table S1, Supplemental Materials. Details regarding

transport and storage of sediment core samples

including incubation barrel setup, maintenance, and

sediment core preparation are also provided in Sup-

plemental Materials.

Sediment core incubations

Core incubations were conducted in the dark for

64 days for all treatments. Three cores were incubated

for each treatment (three treatments), for a total of nine

cores from each site tested. Dissolved oxygen treat-

ments (overall mean ± SE) consisted of a high-DO

concentration (constant bubbling with air;

8.74 ± 0.14 mg l-1), low-DO concentration [peri-

odic aeration with argon (Ar) gas or air; overall DO

was 2.2 ± 0.07 mg l-1], and anoxic exposure (peri-

odic aeration with Ar gas; overall DO was

0.8 ± 0.05 mg l-1).

Overlying water (200 ml total) was collected on

days 1, 3, 7, 14, 21, 28, 35, 42, 49, 56, and 64 from all

cores for water quality measurements (pH, alkalinity,

and hardness), dissolved iron (Fe), TP, total reactive P

(TRP), total dissolved P (TDP), and dissolved reactive

P (DRP). Samples for Fe analysis were filtered

through 0.2-lm nominal pore size, polyethersulfone

membranes (VWR International, Radnor, PA) and

preserved with ultrapure nitric acid. Nürnberg (1984)

demonstrated that in the anoxic waters of hypolimnia

or sediment core incubations, DRP can be

underestimated due to chemisorption with Fe particles

(Stumm & Morgan, 1996; Fe concentrations

[200 lg l-1) and removed during filtration. This

can result in an underestimation of dissolved P

concentrations. Total reactive phosphorus, which

represents the non-digested, non-filtered fraction of

P that reacts with the molybdate reagent, was

preferentially reported herein to avoid Fe-artifacts

potentially arising from filtration. All forms of P were

measured by standard colourimetric methods accord-

ing to Parsons et al. (1984). Detection limits for P

forms in overlying water were low and as follows:

TP = 0.060 lg l-1; TRP = 0.045 lg l-1; TDP =

0.062 lg l-1; DRP = 0.049 lg l-1.

After sampling, overlying water was topped up in

all cores with 200 ml of deionized water (15�C)

having similar DO concentrations as that treatment

(i.e.,[8 mg DO l-1, *2 mg DO l-1, and\1 mg DO

l-1 for the high-DO, low-DO, and anoxic treatments,

respectively). It is convention to use filtered lake water

as overlying water during core incubations. The

potential influence of using deionized water as over-

lying water is detailed in Supplemental Material.

Analyses of Fe concentrations were conducted using a

flame atomic absorption spectrometer (AA800, Perk-

inElmer, USA). Quality control of Fe analysis was

maintained using appropriate method blanks and a

certified reference solution for Fe (BDH Aristar Plus,

BDH Chemicals, UK). The measured values of the

certified reference material were 100.9 ± 2.9% of the

certified value. The coefficient of variation (CV)

between sample duplicates was 7.5%, indicating good

analytical precision. The measured concentrations of

Fe in the method blanks were low relative to the

measured concentrations of Fe. The method detection

limit for Fe was 0.05 lg l-1. Although dissolved Fe

samples were collected rather than total Fe, most of the

recorded total iron in anoxic waters should be in the

ferrous dissolved state (Stumm & Morgan, 1996).

Geochemical analysis

Upon completion of the experiments, the overlying

water in each core tube was removed and the upper

portion of the sediment was core sectioned under a N2

gas stream at 1-cm increments using a Glew core

extruder. In all treatments, two replicate cores from

each site were sectioned to a 10-cm depth. The

remaining third replicate from each site was sectioned
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to a 2 cm depth. The sediment sections were placed in

small ziploc� bags and sealed, once all air was

extruded. These bags were then placed in larger

ziploc� bags which were then filled with Ar gas,

sealed, frozen at -20�C, and then freeze-dried in a

Dura-Dry multiprocessor corrosion control freeze-

drier (FTS systemsTM, Stone Ridge, NY, USA).

Beginning with the uppermost 0–1 cm sections,

0.5 g d.w. sediment subsamples were analyzed for TP

concentrations and three sediment P species (PHCl,

NAIP, and OP) following the procedures of Williams

et al. (1976), Mayer et al. (2006), and Harwood et al.

(1969), summarized in Supplemental Materials and

Fig. S1. PACS-2, a marine sediment (National

Research Council, Ottawa, ON, Canada) was used as

a certified reference material for TP analysis. The

measured TP concentrations were 93.1 ± 4.2% [CV

of 4.5%] of the PACS-2 certified value

(960 ± 4 mg kg-1 d.w.). No sediment-certified ref-

erence materials were available for the geochemical P

fractions investigated. Nevertheless, PACS-2 was

subjected to geochemical fractionation to assess

analytical repeatability, with the CV (in brackets) for

P concentrations in PHCl (2.7%), NaOH (18.1%), and

citrate-dithionite-bicarbonate P (CDB-P) (11.7%)

fractions indicating good analytical precision. The

measured concentrations of P in the sediment frac-

tionation method blanks were low relative to the

measured concentrations of P in each geochemical

fraction.

Statistics

Rates of TP and TRP release for low-DO and anoxic

cores were calculated from the change in the total

amount of analyte in the overlying water column

during a given incubation time (DP/Dt) for the

approximately linear portion of the data or when the

incubation was terminated (Table 1), whichever came

first. Linear portions (Fig. 2) were determined from

the pooled data of the three replicates for each site per

treatment. The release rates for each site in the high-

DO treatment were based on the same time intervals

derived in the anoxic treatment. Calculations took into

consideration the volume of overlying water and

dilution due to replacement of water samples collected

at each time interval.

Where necessary, data were log10 transformed to

achieve a normal distribution and homogeneity of

variance. Concentrations of the total sediment P and

various P fractions in the top 1 cm were compared

among sites for the highest DO treatment and among

treatments for the top two sediment intervals (one-way

ANOVA followed by Holm-Sidak; SigmaPlot 11.0,

Systat Software Inc.). If log10 -transformed data were

unsuitable for parametric analysis, statistical compar-

isons were made using the Kruskal–Wallis one-way

analysis of variance on ranks followed by Student–

Newman–Keuls method for multiple comparisons.

Comparison among TP release rates (RRTPs) for this

study used one-way ANOVA (individual sites com-

pared) and Mann–Whitney rank sum test (three sites

along main flow pathway of the reservoir sites RH, SB,

and GA, versus Site QA). Comparison between TP

release rates (RRTPs) for this study and rate data

summarized by Carter & Dzialowski (2012) were

made using t-tests (eutrophic reservoir data) and

Mann–Whitney rank sum tests (hypereutrophic reser-

voirs). Relationships between TP, TRP, TDP, and

DRP concentrations were assessed using Spearman

rank order correlation. Breakpoint analysis for Fe

versus TP data was performed using segmented linear

regression (SegReg software, Oosterbaan et al., 1990).

Results

Phosphorus and iron mobilization

Phosphorus was mobilized from all cores collected

from Lake Diefenbaker after exposure to anoxic

conditions (Fig. 2) with a delay of 8–22 days between

experiment initiation and a significant increase in the

release of P from sediments, referred to hereafter as

the lag phase (Loh et al., 2013). Whether measured as

DRP or TRP, the majority of the P released was in

bioavailable form, with strong significant correlations

between TP and DRP (r = 0.984), TRP (r = 0.980)

and TDP (r = 0.973) concentrations (Fig. S3). DRP

concentrations in the present study were

79.5 ± 28.3% of the TRP (78.7 ± 30.1% for Fe

concentrations \200 lg l-1; 84.7 ± 14.1% for Fe

concentrations[200 lg l-1) for all data combined in

the anoxic treatment (Fig. S3c). This is less than

previously reported by Nürnberg (1984), in which

DRP was 98% that of TRP. Given that DRP concen-

trations are potentially underestimated, particularly at

low TRP concentrations (\11 lg TRP/L), our data
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Fig. 2 Total phosphorus concentrations in overlying water in

sediment cores exposed to 3 different dissolved oxygen

treatments (high-DO, low-DO, and anoxic) for 64 days. Linear

segments of the data used to calculate release rates are indicated

by dashed (high-DO and anoxic treatments) and dotted (Low-

DO treatment) vertical lines. Sediment cores were collected

from four sites (RH, SB, GA, and QA) in Lake Diefenbaker

during summer, 2013

Table 1 Release rates (mg m-2 day-1) of total phosphorus (TP) and total reactive phosphorus (TRP), for sediment cores collected

July 4 and 5, 2013 from four down-reservoir sites in Lake Diefenbaker, Saskatchewan, Canada

Treatment Variable Release rates (mg m-2 day-1)

RH SB GA QA

Mean ± SD Mean ± SD Mean ± SD Mean ± SD

Anoxic TP 16.28 ± 3.48 16.86 ± 3.77 14.96 ± 3.86 20.28 ± 2.50

Low-DO TP 13.21 ± 1.67 12.81 ± 3.29 10.48 ± 2.84 6.67 ± 1.30

High DO TP 1.49 ± 1.80 3.27 ± 0.84 2.06 ± 1.05 0.17 ± 0.38

Anoxic TRP 14.13 ± 3.10 16.81 ± 3.47 14.80 ± 2.60 18.54 ± 1.69

Low-DO TRP 6.23 ± 3.08 10.96 ± 1.37 13.60 ± 0.21 5.86 ± 0.70

High-DO TRP 0.76 ± 0.96 3.35 ± 0.79 1.95 ± 0.67 0.55 ± 0.89

Sediment cores were incubated for 64 days in three dissolved oxygen (DO) concentrations (anoxic, low-DO, and high-DO

treatments) meant to represent a range of observed and worst-case environmental scenarios
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analysis has focussed on the TP and TRP forms.

Overall, concentrations of the various aqueous P forms

were as follows (fraction of TP in brackets),

TP[TRP (0.810 � TP)[TDP (0.767 � TP)[ SRP

(0.721 � TP) for all data from the anoxic treatment.

Phosphorus concentrations in the overlying water

of the core tubes increased over time, either approach-

ing equilibrium (e.g., high-DO and low-DO treat-

ments) or continuing to increase (anoxic treatment)

throughout the incubation period (Fig. 2). Total P and

TRP (TRP not shown) concentrations in overlying

water in the low-DO treatment were consistently

intermediate to those of the high-DO and anoxic

treatments for all sites.

The mean anoxic RRTP was 17.09 ±

2.27 mg m-2 day-1 for all sites combined. RRTPs

were not statistically different among individual sites

(P = 0.339); however, the power of this test was low

(n = 3 per site). When the RRTPs for sites along the

main flow of the reservoir were pooled

(16.03 ± 0.97 mg m-2 day-1, Sites RH, SB and

GA), there was a statistically significant difference

between these release rates and those of the Qu’Ap-

pelle arm (20.28 ± 2.50 mg m-2 day-1, Site QA,

P = 0.042). TRP release rates (RRTRPs; Table 1) were

very similar (94.4 ± 6.1%) to the RRTPs. When

compared to the anoxic treatment, release rates for

TP (1.75 ± 1.29 mg m-2 day-1) and TRP

(1.65 ± 1.29 mg m-2 day-1) in the high-DO treat-

ment were low for the time periods analyzed.

Iron was mobilized in the anoxic and low-DO

treatments (Fig. 3), with dissolved Fe concentrations

tending to peak during mid-incubation (ranging from

day 22 to 43) before declining. Fe was mobilized to a

limited extent in some of the high-DO cores (Fig. 3)

compared to the anoxic treatment. From the start of

incubation (day 0) until the end of the linear portion of

the Fe data, there was a strong relationship between

dissolved Fe and TP in the anoxic treatment [Fig. 4a,

r2 = 0.711, P\ 0.001, log[TP] = 1.153 ?

0.542(log[Fe])]. This relationship was significant but

weaker in the low-DO treatment (Fig. 4b, r2 = 0.391,

P\ 0.001, log[TP] = 1.299 ? 0.463(log[Fe])).

Geochemical analysis

Ideally, additional sediment cores would have been

collected and characterized for initial sediment TP and

P speciation. Instead, the high-DO cores were assumed

to best represent the geochemistry of Lake Diefen-

baker sediments in their original state for comparison

to the final geochemistry of the sediment cores from

the low-DO and anoxic treatments. Based on a

comparison of the absolute amount of TP released

during the high-DO incubation to the absolute amount

of TP in the top 1 cm of the sediment profile on day 64,

relatively minor amounts of P were released during

incubation (3.8 ± 3.4%, 4.9 ± 1.5%, 5.4 ± 1.3, and

2.1 ± 0.4% of the TP for sites RH, SB, GA, and QA,

respectively). Sediment TP concentrations in the top

1-cm layer of the sediment cores from the high-DO

treatment were similar among sites with no significant

differences detected (P = 0.579). However, they were

highest for sites RH, SB, and GA along the main flow

of the reservoir (1304 ± 117, 1,347 ± 83, and

1,258 ± 218 mg kg-1 d.w., respectively) compared

to the Qu’Appelle arm (1,060 ± 188 mg kg-1 d.w.;

Fig. 5).

Non-apatite inorganic P represented 53.9 ± 9.8%

(all sites combined) of total sediment P in the top 1-cm

increment of the cores from the high-DO treatment.

Similar to TP, NAIP concentrations (top 1-cm incre-

ment) were not significantly different among sites

along the main flow of the reservoir (P[ 0.05), but

there was a statistically significant difference between

the combined NAIP concentrations along the main

flow of the reservoir and the Qu’Appelle arm NAIP

concentrations (P = 0.042). The concentrations of

NAIP were greater in sediment along the main flow of

the reservoir (838 ± 126, 763 ± 70, 664 ±

210 mg kg-1 d.w., for sites RH, SB, and GA,

respectively) compared to the Qu’Appelle arm

(468 ± 169 mg kg-1 d.w.). The concentration of

CDB-P (0–4 cm depth combined) was slightly less

than the concentration of NAIP in all treatments

(6.5 ± 2.8, 6.3 ± 2.2, and 6.5 ± 2.8% less in the

high-DO, low-DO, and anoxic treatments,

respectively).

The relatively inert P fraction, PHCl, represented

30.5 ± 4.6% of total sediment P in the high-DO cores.

Concentrations of PHCl were very similar among sites

(ranging from 335 to 407 mg kg-1 d.w.) but statisti-

cally different among all sites (P\ 0.001). Organic P

was the least abundant fraction in the top 1 cm of

sediment, ranging from 8.1 to 24.2% of TP, with all

sites having significantly higher concentrations of OP

compared to Site RH (P values\0.05). Spatial trends

in OP were observed with OP concentrations
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increasing with distance down-reservoir (105 ± 40,

177 ± 21, 205 ± 77 mg kg-1 d.w. for sites RH, SB,

and GA, respectively), with the highest concentrations

occurring in the Qu’Appelle arm (257 ± 36 mg kg-1

d.w.).

To assess the relationship between RRTP and

sediment geochemistry, RRTP was regressed against

the total decrease in NAIP concentration in the top 1

cm for each core. The average NAIP concentration in

top 1 cm of the sediment cores from the high-DO

treatment was assumed to represent initial NAIP

concentration for each site. This relationship was not

statistically significant (P = 0.247) and neither was

the relationship between RRTP and average initial

NAIP concentration (P = 0.180), again based on final

NAIP concentrations in the high-DO treatment.

TP concentration decreased in the top 1-cm incre-

ment of the sediment profile (Fig. 5) in the low-DO

(22.1 ± 2.8% decrease) and anoxic (26.9 ± 3.5%

decrease) treatments (all sites averaged) compared to

the high-DO treatment. When core data from all four

sites were pooled to improve the statistical power,

there were statistical differences in sediment TP

between the high-DO (1,242 ± 179 mg kg-1 d.w.)

and low-DO treatments (961 ± 80 mg kg-1 d.w.,

P\ 0.001) and between high-DO and anoxic

(906 ± 91 mg kg-1 d.w.) treatments (P\ 0.001),

but not between the low-DO and anoxic treatments

(P = 0.224). The statistical findings for the top 1 cm

of the sediment profile were similar when only the data

for the three sites along the main flow of the reservoir

were pooled and the Qu’Appelle arm data excluded.
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Fig. 3 Dissolved Fe concentrations in overlying water in

sediment cores exposed to three different dissolved oxygen

treatments (high-DO, low-DO, and anoxic) for 64 days.

Sediment cores were collected from four sites (RH, SB, GA,

and QA) in Lake Diefenbaker during summer, 2013
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Regardless of whether TP data were pooled from all

four sites (n = 4) or for only sites along the main flow

of the reservoir (n = 3), TP concentrations were

similar and not significantly different in the 2-cm

increment among the high-DO (954 ± 123 mg kg-1

d.w.), low-DO (895 ± 96 mg kg-1 d.w.), and anoxic

(956 ± 83 mg kg-1 d.w.) treatments

(P = 0.261–0.503; average TP concentrations for all

four sites combined). Similarly, regardless of whether

only sites along the main flow path or all four sites

were pooled, NAIP concentrations were significantly

(P\ 0.001) lower in the low-DO (42.2% decrease,

395 ± 96 mg kg-1 d.w. for all sites averaged) and

anoxic (47.6% decrease, 358 ± 99 mg kg-1 d.w. for

all sites averaged) treatments in the top 1 cm compared

to the high-DO treatment (683 ± 195 mg kg-1 d.w.).

There were no statistical differences in NAIP concen-

tration between the low-DO and anoxic treatments

(P = 0.801 and 0.515 for n = 4 and 3, respectively).

NAIP concentrations in the 2-cm increment were

slightly higher in the high-DO treatment

(363 ± 139 mg kg-1 d.w., n = 4) compared to the

low-DO (331 ± 84 mg kg-1 d.w., n = 12) and

anoxic (322 ± 75 mg kg-1 d.w., n = 4) treatments,

but the differences were not statistically significant

(P = 0.634 and 0.867 for n = 3 and 4, respectively).

Average concentrations in the top 1 cm of the

sediment profile (all four sites combined) of PHCl

(373 ± 29, 372 ± 38, and 369 ± 36 mg kg-1 d.w.,

for high-DO, low-DO, and anoxic treatments, respec-

tively) were similar and not statistically different

among treatments (P = 0.962–991, Fig. 5). Similarly,

average concentrations in the top 1 cm of the sediment

profile (all four sites combined) of OP (186 ± 63,

194 ± 54, and 180 ± 57 mg kg-1 d.w., for high-DO,

low-DO, and anoxic treatments, respectively) were not

statistically different among treatments

(P = 0.837–906, Fig. 5).

Discussion

Climate change has altered the stratification patterns

of lakes and reservoirs globally (Kraemer et al., 2015).

Increased stratification can promote internal P loading

processes (North et al., 2014) which have been

implicated in increased incidences of potentially toxic

cyanobacterial blooms (Orihel et al., 2015). Increases

in harmful algal blooms such as cyanobacteria will

result in significant impairments to water use.

Although cyanobacterial only currently form 3–5%

of the phytoplankton population in Lake Diefenbaker

(Abirhire et al., 2016), there is concern this will

increase in the future, particularly under increased

stratification related to climate change. In the Lake

Diefenbaker reservoir, gradients in phytoplankton

composition (Tse et al., 2015; Abirhire et al., 2015),

biomass (Tse et al., 2015; Abirhire et al., 2015;

Dubourg et al., 2015), and primary productivity

(Dubourg et al., 2015) are apparent, consistent with

expected differences in physical, chemical, and bio-

logical zones in river-valley reservoirs (Thornton

et al., 1981). Certain taxa also demonstrate preference

for particular regions (Tse et al., 2015). Although
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Fig. 4 Relationships for all time periods between total phos-

phorus (TP) and dissolved iron (Fe) concentrations in water

overlying sediment cores exposed to A high-DO and B low-DO

treatments for 64 days. Sediment cores were collected from four

sites (RH, SB, GA and QA) in Lake Diefenbaker during

summer, 2013. Data are from the start of the incubations until Fe

concentrations begin to decline, likely due to Fe sulphide

formation
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Fig. 5 Total phosphorus (TP) and phosphorus fraction con-

centrations in sediment cores incubated in three dissolved

oxygen treatments (high-DO, low-DO, and anoxic) for 64 days.

A Data shown are for cores collected from three mid-reservoir

sites (sites RH, SB, and GA, data pooled) along the main flow of

Lake Diefenbaker, SK, Canada in July 2013. Error bars

represent standard error. The TP concentration (all three

fractions summed) in the top 1-cm interval was statistically

higher in the high-DO treatment compared to the same depth

interval for low-DO and anoxic treatments. Statistical differ-

ences indicated by letters a and b are shown beside correspond-

ing symbols. The absence of letters in the top 2 cm of the

sediment profile indicates no significant differences. Similarly,

non-apatite inorganic P (NAIP) was statistically higher in the

top 1-cm increment of the high-DO treatment compared to the

same depth interval for the other treatments. Statistical

comparisons were not performed for the third and fourth 1-cm

intervals. B Data shown are for cores collected from the

Qu’Appelle arm of Lake Diefenbaker, SK, Canada in July 2013.

No statistical differences (P[ 0.05) were found for TP or any of

the three P fractions analyzed in the top 1 cm among the three

treatments. Error bars represent 1 standard deviation of the

mean
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clarity of water can be greater, nutrients may be

depleted in the water column in more lacustrine

regions down-reservoir (Kennedy et al., 1982; Kim-

mel & Groeger, 1984) as a result of biological

sequestration up-reservoir and subsequent entrain-

ment of P in sediment (Lucas et al., 2015a). A change

in nutrient cycling in the lacustrine zone in Lake

Diefenbaker, the focus of this study, has the potential

to fundamentally alter the current patterns of primary

production, the associated food web and trophic status

of this region.

The primary purpose of this study was to evaluate

the potential for P mobilization from sediments as a

function of bottom-water DO scenarios anticipated

under a changing climate within the context of prairie

reservoirs. This study also demonstrated (1) the

relationships between various forms of P released

from bottom sediments; (2) that while the highest P

fluxes occurred under anoxic conditions, significant P

release can occur from sediments under intermediate

DO concentrations; (3) there are similarities in sedi-

ment P geochemistry and the relationships between

sediment geochemical fractions that appear to be

distinct among Canadian prairie water bodies; (4)

studies investigating the predictive ability of sediment

geochemical properties with regards to P mobilization

should pay particular attention to the upper few

centimeters of the sediment profile; and (5) sediment

RRTPs generated in the laboratory under anoxic

conditions may not be proportional to reservoir trophic

status, particularly if the reservoir does not experience

significant duration or spatial extent of hypolimnetic

anoxia.

Phosphorus mobilization

In the anoxic treatment, the observed release of 89.1%

of TP in the reactive P form, TRP, is consistent with

the general paradigm that most phosphorus released

from sediment is released as biologically available P

(Cooke et al., 2005). The relationships among the

various forms (Fig. S3) and TP were consistent with

expectations that TP and DRP should represent the

largest and smallest pools, respectively, of mobilized

P (i.e., TP[TRP[TDP[DRP). Nevertheless,

DRP still accounted for 72.1 ± 30.1% of the TP

released from sediment under anoxic conditions. It is

uncommon for the entire suite of P forms analyzed

herein (TP, TRP, TDP, and DRP) to be synoptically

measured in core incubation experiments. Our data

demonstrate significant relationships among these

fractions, similar to those relationships observed for

DRP versus TP and for DRP versus TDP in Nürnberg

(1988). Therefore, these data can be used to facilitate

comparison of results among P release studies,

regardless of the form of P reported.

Phosphorus was released under high-DO conditions

from all sediments tested, with the average RRTPs

(1.75 ± 1.29 mg m-2 day-1) agreeing with the

in situ release rate (1.8 mg m-2 day-1) derived in

North et al. (2015a) for Lake Diefenbaker. High-DO

release rates for Lake Diefenbaker also fell within the

range of P release rates for intact cores and in situ

measurements from various other studies conducted

under oxic conditions (-9.3 to 16.5 mg m-2 day-1

Holdren & Armstrong, 1980).

The average anoxic RRTP for those sites along the

main flow of the reservoir (16.03 ± 0.97 mg m-2

day-1) and for Site QA in the Qu’Appelle arm

(20.28 ± 2.50 mg m-2 day-1) fell within the range

of anoxic RRs for in situ measurements and core

incubations from various other studies conducted

around the world [0–51.5 mg m-2 day-1; Holdren

& Armstrong (1980), Nürnberg (1988)]. Regionally,

our RRTP values fall within the upper range of rates

derived from incubations of sediment cores collected

from the north basin of Lake Winnipeg, Canada (mean

RRTP = 11.4 mg m-2 day-1, range 1.7–22.8 mg

m-2 day-1; Loh et al., 2013), which lies downstream

of Lake Diefenbaker in the eastern portion of the

northern Great Plains. Given that the north basin of

Lake Winnipeg is eutrophic, the anoxic RRTP rates

observed herein are high considering the mesotrophic

status of Lake Diefenbaker.

Although lakes and reservoirs are similar in many

ways, there are notable differences, particularly in

sediment and nutrient loading rates (Morris & Fan,

1997). The observed anoxic RRTPs for Lake Diefen-

baker were within the range of values reported for

sediment cores collected from 17 reservoirs in the

Central Plains region of the USA (0.6–

40.31 mg m-2 day-1, Carter & Dzialowski, 2012)

and incubated under anoxic conditions. Nevertheless,

the mean anoxic RRTRP (16.07 ± 2.00 mg m-2

day-1) for mesotrophic Lake Diefenbaker (Abirhire

et al., 2015; Hudson & Vandergucht, 2015) was

significantly greater than the average RRSRP of

mesotrophic reservoirs (6.09 ± 3.94 mg m-2 day-1,
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P = 0.002) and intermediate to eutrophic

(10.81 ± 8.74 mg m-2 day-1; not statistically differ-

ent, P = 0.183) and hypereutrophic reservoirs

(25.60 ± 11.06 mg m-2 day-1; not statistically dif-

ferent, P = 0.286) in their dataset. For comparison,

our anoxic RRTPs (Table 1) were well above meso-

trophic lake release rates (5.75 ± 4.86 mg m-2

day-1) and within the ranges of eutrophic

(1.09–28.29 mg m-2 day-1) and hypereutrophic

(13.48–40.31 mg m-2 day-1) lakes summarized in

Nürnberg (1988). The general paradigm is that the

sediment anoxic RRP is proportional to lake trophic

state (Nürnberg, 1988). However, this presumes that

internal loading of P in a given lake occurs only as a

result of anoxia and that internal loading is a major

driver of lake trophic status. Anoxic conditions are not

typically observed in Lake Diefenbaker, in part, due to

the high incoming flow and short residence time, with

the exception of the Qu’Appelle arm. Without signif-

icant internal loading of P from bottom sediment, the

above paradigm does not hold true for Lake Diefen-

baker. Sediments are currently acting as sinks for P

(Donald et al., 2015; North et al., 2015a), slowly

releasing their inventory, with the high anoxic RRTPs

reflecting sediment P inventory and geochemistry, not

the current mesotrophic state of the lake. In support of

this, main channel concentrations of sediment TP and

NAIP generally increase with distance down-reservoir

as a function of reservoir depth and sediment total

organic carbon content (Lucas et al., 2015a). Based on

sediment chemistry, sediment P flux would be

expected to increase from the upper reservoir to the

down-reservoir region, with trophic state mirroring

this trend. However, the trophic state of Lake Diefen-

baker changes from eutrophic up-reservoir to meso-

trophic down-reservoir (Abirhire et al., 2015). This is

consistent with the paradigm of reservoir zonation

(Kimmel & Groeger, 1984) but counter to expecta-

tions of trophic state based on sediment inventory of

both total P and reductant-soluble P. Therefore, the

trophic state generalization may not be applicable to

reservoirs exhibiting spatial zonation.

The intermediate release of TP and TRP for all sites

in the low-DO treatment compared to the high-DO and

anoxic treatments, illustrates that the release of P from

lake sediments occurs over a continuum of oxygen

status. Completely anoxic overlying water is not

required for significant release of the P associated with

Fe oxyhydroxides.

Lake Diefenbaker is long and narrow and displays

strong longitudinal gradients in deposition rate (Jo-

hansson et al., 2013) and sediment chemistry (Lucas

et al., 2015a). It is therefore difficult to compare the

internal loading rates derived from down-reservoir

sediment to the external loading rate of the reservoir.

The open-water internal TP load derived from in situ

measurements was 1.8 mg m-2 day-1 (North et al.,

2015a, which included up-reservoir riverine and

transition zone sites). This value is more similar to

the average oxic RRTP than to the low-DO or anoxic

RRTPs derived from our incubation experiment, and is

consistent with the general absence of anoxia within

Lake Diefenbaker. Under anoxic bottom-water con-

ditions in the open-water season (a possible future

scenario), the predicted daily internal P loading rate

from sediments (overall average of *17 mg m-2

day-1; Table 1) would represent 17 times more

bioavailable P (DRP) than the daily external, whole-

reservoir, DRP load (1 mg m-2 day-1; North et al.,

2015a) based on the average May–August loads from

2011 to 2013, inclusive. On a year-round basis, this

percent contribution is higher than the proportion of

external P load (*24% higher) derived from in situ TP

increases (North et al., 2015a). P released from

internal loading is highly bioavailable compared to

external tributary TP loads to Lake Diefenbaker,

which are largely particulate P (78.1–94.2% particu-

late, Johansson et al., 2013). An oxygen state regime

shift to seasonal anoxia would therefore represent an

increase in bioavailable P. Anoxia commonly occurs

in prairie lakes during winter (e.g., Allan & Williams,

1978) when ice cover prevents resupply of atmo-

spheric oxygen and primary production rates are low.

Using a Q10 of 2, the estimated P release rate at 4�C
would be 8.0 mg m-2 day-1. Therefore, should Lake

Diefenbaker experience anoxia during the winter as it

has done historically (SEPS & EC, 1988), internal

loading of P would still be substantial compared to

external tributary P loads, which is much reduced

during the winter months (North et al., 2015a).

Iron was mobilized in the anoxic and low-DO

treatments (Fig. 3), with peak concentrations occur-

ring during mid-incubation (ranging from day 22 to

43) before generally declining during the final 20 days

of the incubations. In the anoxic treatment, this decline

was likely due to metal sulphide formation and

precipitation (black precipitate was observed in these

cores) leaving P free in the water column (Hasler &
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Einsele, 1948, cited in Banoub, 1977). Fe concentra-

tions were typically lower in the high-DO treatment

compared to the anoxic treatment. The strong rela-

tionship between Fe and TP in the anoxic treatment

(r2 = 0.711) during the period of increasing Fe

concentration agrees with the general knowledge that

the majority of the internal loading of P in lakes under

anoxic conditions is through the reduction of Fe

oxyhydroxides (Baldwin et al., 2002) and release of

associated P.

Sediment geochemistry

Sediment TP concentrations in this study were

spatially similar across sites along the main flow of

the reservoir (Sites RH to GA) but lower in the

Qu’Appelle arm. Sediment TP concentrations (ad-

justed to account for P loss during incubation) were

consistent with those previously reported in Lucas

et al. (2015a, sediment cores collected in 2011 and

2012) for similar locations along the main flow path

(11.5% higher herein) and for the Qu’Appelle arm

(17.2% higher herein). Regionally, sediment TP

concentrations are surprisingly similar among prairie

lakes with a coefficient of variation of 35.8%

(Table 2). For consistency of comparison, all avail-

able data for the top 4 cm of sediment cores have been

averaged (the top 1 cm was not always sampled or

reported). In particular, PHCl concentrations appear

relatively consistent across a wide geographic area of

the northern Great Plains (336 ± 63 mg kg-1 d.w.),

likely due to similar sedimentary geological origins,

relative insolubility (Lucas et al., 2015a), and limited

bioavailability (Williams et al., 1980). Consequently,

variation of concentrations of TP across the prairies

appears to be largely determined by the abundance of

the other main geochemical fractions, NAIP and OP.

This is supported by the significant correlations

between NAIP and TP (r = 0.911, P\ 0.001) and

between OP and TP (r = 0.829, P\ 0.001, Mission

Lake outlier excluded) for all lake sediments (Table 2;

Fig. 6).

Other studies have demonstrated a relationship

between reductant-soluble P and sediment P release

rates (e.g., Messer et al., 1984; Nürnberg, 1988,

Ostrofsky et al., 1989; Petticrew & Arocena, 2001).

Nevertheless, we found no significant relationship

between NAIP content and RRTP (P[ 0.05).

Spatial trends in OP were similar to trends in TOC

concentrations observed in Lucas et al. (2015a), with

OP concentrations increasing with distance down-

reservoir and in the Qu’Appelle arm. This was likely

due to sediment OP occurring as an integral part of

sediment organic matter (Williams et al., 1976), which

mirrored the gradient of primary productivity in the

reservoir (Dubourg et al., 2015).

Over the long-term, P can be mobilized from

significant depth in the sediment profile (e.g., up to

25 cm, Søndergaard et al., 1993). The significant

decrease in TP concentration in the low-DO and

anoxic treatments only in the top 1 cm increment of the

sediment profile was attributable to associated decli-

nes in NAIP concentrations. The decrease of NAIP in

the 1-cm sediment interval was consistent with

dissolution of Fe oxyhydroxides and release of

associated P and supported by the observed increases

of both dissolved Fe and P in the overlying water of

both the low-DO and anoxic treatments (Fig. 5). Both

TP and NAIP concentrations were similarly influenced

in the low-DO treatment, indicating that anoxic

conditions in the water column were not required for

significant geochemical changes to occur in the upper

sediment profile near the sediment–water interface.

Mass balance calculations in Nürnberg (1988)

indicated that reductant-soluble P decreased in surfi-

cial sediments (bulk top 5 cm; 5–125 days incubation

at 11�C) in response to exposure to anoxic overlying

waters. Our data suggest that a fine scale of resolution

(1 cm) might be necessary to assess geochemical P

dynamics in the vertical sediment profile during an

anoxic event, lasting approximately 2 months in this

study. Sampling additional material from the sediment

profile that is geochemically buffered or unaffected

during an anoxic ‘‘event’’ would likely mask short-

term geochemical–P flux relationships.

Conclusions and recommendations

The redox-sensitive NAIP fraction in the top 1 cm of

the sediment profile was the main source of P released

during a 64-day sediment core incubation period.

Therefore, studies investigating the predictive ability

of sediment geochemical properties with regard to P

mobilization in freshwater systems should focus

efforts on the uppermost portion of the sediment
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profile (e.g., the top few cm) to establish short-term

relationships. Characterization of the sediment profile

using a coarser scale of resolution likely obscures the

relationship between sediment geochemistry and P

flux. In addition, the potential for a lag phase prior to P

mobilization should be considered and it is recom-

mended that incubation duration last at least as long as

anticipated periods of anoxia associated with thermal

stratification.

Phosphorus release studies to date have typically

measured TP or DRP but rarely both. This makes it

challenging to compare P release data among studies.

In this study, we measured four forms of P released

during core incubations in combination with Fe, the

Table 2 Concentrations of P fractions in sediment samples collected from various northern Prairie lakes

Lake Province Sample location

in lake

Organic C

(%)

Phosphorus

Total P Organic P Apatite NAIP CDB-P

Pasquaaf SK East end 3 sites 5.7 ± 0.6 1,009 ± 46 361 ± 71 236 ± 23 395 ± 16 352 ± 23

Pasquabg SK East end 2 sites 1,094 ± 241 406 ± 141 218 ± 5 471 ± 105

Echoaf SK South side

1 site

9.4 1,345 511 316 494 456

Missionaf SK West end 1 site 4.6 958 209 423 322 308

Missionbg SK South side

1 site

2,310 ± 696 394 ± 64 341 ± 54 1,576 ± 686

Katepwaaf SK West end 1 site 8.1 1,269 502 458 481 439

Cookingaf AB West end 1 site 21.8 1,237 645 262 310 279

Roundah SK 1 Site 1,593 545 306 642

Wabamunaf AB North side 1 site 17.2 1,126 661 258 185 156

Winnipeg1b MB South Basin 1.7 774 119 350 287 275

MB Traverse Bay 3.8 533 57 378 101 94

Winnipegcg MB South Basin 933 ± 100 174 ± 53 337 ± 52 422 ± 187

Lake

Diefenbakerdg
SK Up-reservoir 2

sites

1.27 ± 0.02 659 ± 75 120 ± 54 387 ± 14 152 ± 6

SK Mid-reservoir 1

site

1.58 ± 0.14 962 ± 155 170 ± 18 350 ± 49 422 ± 98

SK Down-reservoir 4

sites

2.09 ± 0.16 1,057 ± 136 279 ± 131 385 ± 62 392 ± 121

SK Qu’Appelle arm,

1 site

3.43 ± 0.08 954 ± 23 330 ± 43 337 ± 42 287 ± 22

Lake

Diefenbakereg
SK Down-reservoir 3

sites

1,016 ± 33 172 ± 14 381 ± 13 463 ± 45 441 ± 184

SK Qu’Appelle arm,

1 site

870 ± 128 256 ± 27 331 ± 13 273 ± 131 262 ± 110

a Allan & Williams (1978)
b Allan et al. (1980)
c Mayer et al. (2006)
d Lucas et al. (2015a, b)
e This study
f Surface sediment samples collected with grab sampler
g Sediment cores. Excluding Lake Winnipeg (profile unknown), all data provided for top 4 cm of the sediment profile. Top 1-cm data

not given in Mayer et al. (2006) or Allan et al. (1980)
h Four core sections from above 10-cm depth
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relationships among which can be used to facilitate

comparison of P release data among other studies.

A significant proportion of the P in the down-

reservoir sediment of Lake Diefenbaker is redox-

sensitive and readily mobilized under anoxic or low-

DO conditions. By failing to acknowledge that Fe(III)-

associated P can be released from sediment under low-

DO conditions, predictive internal P loading models

considering only hypolimnetic anoxia may oversim-

plify and thus underestimate P mobilization in situ.

Although environmental factors other than DO con-

centration can influence the release of P from

sediments, the results of this study suggest that there

is potential for internal loading to contribute substan-

tially to the P budget of Lake Diefenbaker, as was

verified in North et al. (2015a). This finding also

applies to other lakes and reservoirs in the northern

Great Plains. It is probable that the potential for

internal P loading will only increase in the future as

lakes and reservoirs warm, stratification patterns

strengthen (North et al., 2013, 2014), and flows

decline due to climate change in temperate regions.

These factors will contribute to lowering the hypolim-

netic oxygen concentrations and facilitate the mobi-

lization of redox-sensitive P from the bottom

sediments into the photic zone potentially promoting

algal blooms and associated declines in water quality.
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