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The reliance on reservoirs tomeet globalwater demands is increasing, as is the need to develop an understanding of
factors influencing water quality in these understudied water bodies. This study assessed how the interaction be-
tween light and nutrients influences phytoplankton dynamics in a large, heterogeneous prairie reservoir; Lake
Diefenbaker, Saskatchewan. A multiple indicator assessment of factors (light, phosphorus [P], and nitrogen [N])
influencing phytoplankton biomass, physiology, and gross primary productivity (GPP) was conducted. Light defi-
ciency was assessed through the application of an indicator threshold for the mean daily mixed layer irradiance
as well as the ratio of this irradiance to the light saturation parameter derived from photosynthesis-irradiance
curves. Short-term physiological assays and long-term compositional nutrient status indicators were applied to as-
sess the in situ nutrient deficiency of the epilimnetic phytoplankton communities.We observed regional differences
in light conditions and nutrient chemistry related to incoming flow and nutrient load from the South Saskatchewan
River. Light deficiencywas detected 59%of the timesmeasuredduring the open-water season of 2013. BothGPP and
quantum efficiency of photosystem II (ϕPSII) were relatively high (108±101mmol O2m

−2 day−1 and 0.57± 0.07,
respectively) across all regions andmonths. During conditions of light sufficiency, there was no evidence of N defi-
ciency, and P was the limiting nutrient to phytoplankton communities 90% of the times measured. Nutrient use ef-
ficiency and GPP rates were significantly higher under light sufficient conditions. The asynchrony of light and
nutrient supply influences production and biomass accrual in this reservoir.

© 2015 Published by Elsevier B.V. on behalf of International Association for Great Lakes Research.
Introduction

There is considerable debate over the relative importance of
phosphorus (P) and/or nitrogen (N) as limiting nutrients in freshwater
ecosystems (Conley et al., 2009; Schindler, 2012). The issue is even
more complex in inland waters where turbidity may affect the under-
water light environment experienced by pelagic phytoplankton. Previ-
ous work has shown that the availability of light, or photosynthetically
active radiation (PAR), is an important factor limiting phytoplankton
growth and primary production in freshwater systems (Guildford
et al., 2000; Hecky and Guildford, 1984; Thrane et al., 2014). The light-
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dependent process of photosynthesis by primary producers generates
energy used for nutrient uptake and assimilation (Beardall et al.,
2001). Therefore, as defined by Sterner et al. (1997), nutrient use
efficiency by phytoplankton communities is the balance between the
growth-limiting resources: light and nutrients. As a result, phytoplank-
ton communities experiencing light deficient conditions can display a
lack of response to potential limiting nutrients (Hecky and Guildford,
1984; Venables and Moore, 2010).

The forms of nutrients available for phytoplankton assimilation also
affect nutrient use efficiency. Nutrient bioavailability refers to those
fractions of the totalmass of P or N that are readily assimilable by organ-
isms (i.e., dissolved inorganic), or are made more assimilable through
the activities of the organisms themselves (i.e., production of phospha-
tases). It can also include the portion of the total mass which has been
assimilated and is already intracellular (i.e., luxury consumption;
Reynolds and Davies, 2001). Nutrient use by phytoplankton communi-
ties is directly related to the forms available and the differential energy
requirements for their uptake; thus, water column nutrient concentra-
tions do not relate directly to nutrient bioavailability to phytoplankton
akes Research.
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communities (Hecky and Kilham, 1988). It is preferable that the in situ
nutrient deficiency of phytoplankton be assessedwith a variety of nutri-
ent status indicators that reflect the community response to nutrients
(Davies et al., 2004; Guildford et al., 2005; Healey and Hendzel,
1979a). Variations in nutrient limitation and the selective advantages
and disadvantages incurred among species are among the fundamental
controls on primary production and community composition (Tilman,
1976). In this study, we are specifically interested in the immediate
needs of the extant plankton community and limitation of their
growth rates (Blackman limitation; Blackman, 1905). We define nu-
trient deficiency as a control on the instantaneous growth (by proxies
for phytoplankton biomass: chlorophyll a [Chl a] and sestonic carbon
[C] concentrations) of phytoplankton and their photosynthetic re-
sponse (i.e., maximum quantum yield of photosystem II [ϕPSII] and
photosynthesis–irradiance [P–E] parameters) to nutrients. Given the
complex nature of these communities, strength lies in the utilization
of multiple indicators (lines of evidence) to diagnose factors limiting
phytoplankton growth rates. Our application of physiological indica-
tors aims to identify light and nutrient deficiency at proximate scales
(Davies et al., 2010; Healey, 1975). We define co-limitation as the
simultaneous limitation of growth rate by light and a nutrient; ex-
plained by the ability of an increased supply of light or nutrients to
compensate for the decreased supply of the other (Healey, 1985).
This reciprocal relationship between light and nutrients can regulate
the ability of phytoplankton to cope with low-light conditions
through physiological adjustments such as the synthesis of new
pigments (e.g., Chl a) to capture light, balancing photosynthesis
with photo-protection, repair, and accrual of biomass (Falkowski
and Raven, 2007; Kirk, 1994). Consequently, light availability modifies
nutrient assimilation and use by primary producers (Sterner et al.,
1997) uncoupling the relationship between limiting nutrient supply
and potential for maximal rates of growth, biomass accrual, and
gross primary productivity.

The interaction between light and nutrients is very prevalent in
river-valley reservoirs where inflowing river water causes turbidity
fluctuations that necessitate rapid physiological responses of the in
situ phytoplankton communities. Given the globally increasing con-
struction of dams (Zarfl et al., 2015), it is imperative that we develop
an understanding of factors influencing algal biomass and productiv-
ity in these important but understudied water bodies. Our study was
conducted on one of the largest reservoirs in the world (Lehner et al.,
2011): Lake Diefenbaker (LD), Saskatchewan, Canada. Using LD as a
model system on which to test the reservoir continuum concept
(Kimmel and Groeger, 1984), we assessed phytoplankton nutrient
use efficiency along its length. The reservoir continuum concept de-
lineates three regions within river-valley reservoirs as up-reservoir
riverine, to transition, and finally to lacustrine regions near the
dams. This concept hypothesizes that as river-reservoirs transition
from inflowing upstream regions to downstream lacustrine regions
nutrients decrease and light availability increases. Thus, we would as-
sume that the phytoplankton communities are experiencing spatially
differential light and nutrient influences on their growth and produc-
tivity, on an up-reservoir to dam gradient. Knowledge gained on LD
can be applied to other increasingly important reservoirs on a global
basis.

Lake Diefenbaker is amesotrophic, dimictic,multi-purpose reservoir
that provides a number of services including flood protection, hydro-
power generation, recreation, irrigation, and industrial and municipal
water resources (SWSA, 2012). In the mid-1980s, the reservoir was
categorized as meso- or oligo-trophic and P was considered to be the
ultimate control on phytoplankton growth (Saskatchewan Environment
and Public Safety and Environment Canada [SEPS and EC], 1988). A recent
study quantifying the 2008–2011 TP and total nitrogen (TN) loads report-
ed that of the 28 lakes and reservoirs in the Lake Winnipeg basin, LD
represents the 5th largest (by volume), with the highest P and N loads
(Donald et al., 2015). Although recent TP loads to LD are high (3146
tonnes yr−1), they are ~3.6 times lower than the TN load (11, 388 tonnes
yr−1; Donald et al., 2015).

We predict that light availability could be an important factor
influencing LD's nutrient use efficiency, with implications for phyto-
plankton biomass and gross primary productivity. Due to the turbid in-
flow from the SSR (Hudson and Vandergucht, 2015; Yip et al., 2015), we
predict that the underwater light environment is lowest up-reservoir
and increases towards the dams, consistent with the river continuum
concept. In order to address light and nutrient co-limitation of LD's phy-
toplankton communities, we measured phytoplankton biomass, physi-
ology, and GPP in combination with a variety of light and nutrient
deficiency indicators throughout the length of the reservoir during the
open-water season of 2013. To our knowledge, this study represents
the most comprehensive suite of light and nutrient status indicators ap-
plied to a freshwater reservoir. The objectives of our studywere to 1) as-
sess the presence and degree of light and nutrient (i.e., P and N) co-
limitation of LD's phytoplankton communities; 2) determine how nutri-
ent use efficiency influences phytoplankton biomass, physiology, and
gross primary production; and 3) examine temporal and spatial differ-
ences in interacting factors regulating phytoplankton dynamics within
the reservoir continuum concept.

Methods

Study site and field sampling

Lake Diefenbaker is a large reservoir (182 km in length) with a
storage capacity of 9 km3 at full supply level (Sadeghian et al.,
2015). Covering an area of 394 km2, with a mean depth of 22 m
(Sadeghian et al., 2015), it is the largest source of moderate quality
water in southern Saskatchewan (Fig. 1). The major inflow (98%) to
LD is the South Saskatchewan River (SSR), originating in the foothills
of Alberta's Rocky Mountains. The outflow is mostly through the
Gardiner Dam (99%), with the remainder flowing through the
Qu'Appelle Dam (SWSA, 2012; Fig. 1). In 2013, heavy rainfalls in
southern Alberta (June 19–22) resulted in extreme flooding of
upstream Calgary. As a result, LD experienced a large increase in
flow, peaking between late June–early July (Hudson and
Vandergucht, 2015).

A total of 12 sites along LD's main channel were sampled between
Highway 4 and the Gardiner and Qu'Appelle Dams (Fig. 1). Sampling
of all sites was conducted on a monthly basis from June to mid-
October, 2013. Whole water samples were collected from a 2 m depth
using a Van Dorn, and a peristaltic pump was used for the collection of
total dissolved iron (TDFe) samples employing trace metal clean proto-
cols to reduce metal contamination. Within 12 h of collection, water
samples were stored at ambient temperatures in an environmental
chamber at the University of Saskatchewan (Saskatoon, SK) until
processing.

Physical parameters

A Yellow Springs Instruments sonde (YSI, model 6600 V2) was
deployed at each station to collect temperature, turbidity, dissolved ox-
ygen, specific conductance, Chl a fluorescence, and depth profiles in one
second increments. The thermocline was defined as the depth where
changes in water temperature were N0.5 °C m−1. Mixing depth (Zmix,

Table 1) was reported as the depth from the water surface to the top
of the thermocline and maximum depth (Zmax) was based on the
1986 bathymetry (SPMC, ca., 1986). Secchi disk depths were recorded
during each sampling event. PAR profiles were measured using a
Biospherical BIC compact four-channel radiometer (Biospherical Instru-
ments, San Diego CA) and were used to calculate the vertical attenua-
tion coefficient (KdPAR; Table 1) from the linear regression of the
natural logarithm of irradiance versus depth (Kirk, 1994). Mean daily
mixed layer irradiance (Ē24, μmol photons m−2 s−1), the mean light



Fig. 1. Map of Lake Diefenbaker (Saskatchewan, Canada) depicting sites sampled in 2013. Sites were located along the main channel of the reservoir and grouped into 4 regions; Up-
reservoir, Down-reservoir, Gardiner arm, and Qu'Appelle arm.

Table 1
Definitions, abbreviations, and units describing light, nutrient, and phytoplankton parameters. Superscript B applied to an abbreviation denotes normalization to Chlorophyll a.

Parameter Abbreviation Units

Light Maximum depth Zmax Meter
Mixing depth Zmix Meter
Photosynthetically active radiation PAR μmol photons m−2 s−1

Vertical light attenuation coefficient KdPAR m−1

Mean daily mixed layer irradiance Ē24 μmol photons m−2 s−1

Secchi disk depth Secchi Meter
Mean daily incident irradiance Ē0 μmol photons m−2 s−1

Light saturation parameter (rETRmax/α) Ek μmol photons m−2 s−1

Light deficiency threshold Ē24/Ek Unitless
Light utilization efficiency (light limited slope of the P–E curve) α Photons reemitted photons absorbed−1/μmol photons m−2 s−1

Maximum relative electron transport rate through PSII rETRmax Photons reemitted photons absorbed−1

Maximum quantum yield of PSII ϕPSII Unitless
Daily gross primary production rate GPP mmol O2 m−2 day−1

Daily gross primary production rate normalized to Chlorophyll a GPPB mmol O2 (mg Chl a−1) m day−1

Slope of the GPPB-Ē24 curve GPPB/ Ē24 mmol O2 (mg Chl a−1) m day−1/μmol photons m−2 s−1

Nutrient Total phosphorus TP μmol L−1

Total dissolved phosphorus TDP μmol L−1

Particulate phosphorus PP μmol L−1

Dissolved reactive phosphorus DRP μmol L−1

Total nitrogen TN μmol L−1

Total dissolved nitrogen TDN μmol L−1

Particulate nitrogen PN μmol L−1

Nitrate NO3
− μmol L−1

Ammonium NH4
+ μmol L−1

Total dissolved iron TDFe μmol L−1

Dissolved reactive silica DRSi μmol L−1

PO4 turnover time TT Minutes
Phosphorus uptake P-debt μmol P μg Chl a−1

Particulate carbon to particulate phosphorus ratio C:P Molar ratio
Particulate nitrogen to particulate phosphorus ratio N:P Molar ratio
Particulate alkaline phosphatase activity APA nmol P μg Chl a−1 min−1

Ammonium uptake N-debt μmol NH4
+ μg Chl a−1

Particulate carbon to particulate nitrogen ratio C:N Molar ratio
Phytoplankton Chlorophyll a Chl a μg L−1

Pigment absorption coefficient aϕ m−2 mg Chl a−1

Particulate organic carbon POC μmol L−1

Particulate carbon to chlorophyll a ratio POC:Chl a μmol C μg Chl a−1

Total phytoplankton biomass Phyto mg m−3

Phytoplankton biomass to chlorophyll a ratio Phyto:Chl a Unitless
Cryptophyte biomass Crypto mg m−3

Bacillariophyte biomass Bacill mg m−3
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experienced by a freely circulating algal cell during a 24hour periodwas
calculated following Guildford et al. (2000):

Ē24 ¼ Ē0 � 1− exp −1� KdPAR � Zmixð Þð Þ � KdPAR � Zmixð Þ−1 ð1Þ

wheremean daily incident irradiance (Ē0) was calculated as the 24 hour
average on the sampling date from solar radiation (W m−2) obtained
from a nearby meteorological station (University of Saskatchewan,
Saskatoon, SK; http://www.usask.ca/weather/kfarm/data/) and scaled
to PAR (μmol photonsm−2 s−1) using a factor of 2.047 after Kalff (2002).

Water chemistry

Total P (TP), total dissolved P (TDP), dissolved reactive P (DRP), and
particulate P (PP; collected on glass fiber filters, GF75, nominal pore size
0.7 μm)were analyzed according to Parsons et al. (1984) after digestion
using the persulfate-oxidation technique for TP, TDP, and PP (Menzel
and Corwin, 1965). Concentrations of dissolved nutrients such as TDP,
DRP, total dissolved N (TDN), ammonium (NH4

+), nitrate (NO3
−),

dissolved reactive silica (DRSi), and total dissolved Fe (TDFe) were
measured on syringe-filtered whole lake water (0.2 μm polycarbonate
filter). NH4

+ was measured fluorometrically using a Varioskan Flash
spectral scanning multimode reader (Thermo Scientific) according to
Holmes et al. (1999) with a modified method of standard additions fol-
lowing Taylor et al. (2007). Total N (TN), TDN, and NO3

−weremeasured
through secondderivative spectroscopy (Bachmann and Canfield, 1996;
Crumpton et al., 1992). DRSi concentrations were measured colorimet-
rically (APHA, 1989).

Concentrations of TDFe were measured on filtered lake water
acidified with nitric acid (0.2%) prior to analyses. Analyses of TDFe con-
centrations were conducted on a graphite furnace atomic absorption
spectrometer (AAnalyst 800, Perkin Elmer, USA). Particulate organic C
(POC) and particulate N (PN) samples were collected on pre-combusted
quartz filters (GF75, nominal pore size 0.39 μm), dried and stored. Car-
bonates were removed from the POC filters by fumigation using concen-
trated hydrochloric acid (37%) in a dessicator for 4 h. The PN samples
were non-acidified and thus analyzed independently to POC (Brodie
et al., 2011). POC and PN sampleswere analyzed via anANCA-GSL sample
preparation unit and Tracer 20 mass spectrometer (Europa Scientific).

Phytoplankton biomass and pigment absorption coefficient (aϕ)

Sample water was filtered onto glass fiber filters (GF75, nominal
pore size 0.7 μm) for determination of Chl a concentrations and filters
were frozen until analyses. Chl a extraction followed Bergmann and
Peters (1980) and Webb et al. (1992) using ethanol as a solvent. Sam-
ples were acidified and corrected for phaeophytin (Nusch, 1980) and
concentrations were obtained using a spectrophotometer (UV-4201
PC, Shimadzu).

Phytoplankton samples were analyzed on a limited number of sam-
ples (n = 20) representing three regions of the reservoir; up-reservoir
(U1-M), down-reservoir (U2-M and C3-M), and the Gardiner arm
(U3-M) over the five month sampling period. Methods are described
in Abirhire et al. (2015); briefly, samples were preserved with Lugol's
iodine and phytoplankton were counted following Utermöhl (1958)
using an inverted microscope (Olympus IX51). Phytoplankton were
identified to genus with the aid of taxonomic guides (Bellinger and
Sigee, 2010; John et al., 2002; Wehr and Sheath, 2003). Phytoplankton
cell sizes were obtained through image-Pro Analyser 7.0 computer soft-
ware and final biomass was calculated by employing Algamica (Version
4.0), a computerized phytoplankton countingprogrambyGosselain and
Hamilton (2000).

The phytoplankton pigment absorption coefficient (aϕ) was quanti-
fied in parallel with rapid light curve (RLC; described below) measure-
ments using the quantitative filter technique as described in Tassan and
Ferrari (1995) and using the calculations described in Silsbe et al.
(2012). Briefly, 100–1500 mL of lake water was passed through a
47mmGF/Ffilter and thefilterwas immediately frozen. The absorbance
(350–750 nm) of the particulate matter retained on the filter was then
measured on a scanning spectrophotometer (UV-4201 PC, Shimadzu)
before (AP) and after (ANAP) depigmentation with a sodium hypochlo-
rite solution. From these measurements, aϕ was calculated using the
following formula where 2.303 is the natural logarithm of 10, β is the
path-length amplification factor that accounts for the difference be-
tween absorption on a filter and water and is equal to 2, and Vf/Af is
the ratio of volume filtered to the clearance area of the filter:

aϕ ¼ 2:303� AP−ANAP½ � � β−1 � Vf=Af½ �−1 ð2Þ

Light dependency of the quantum efficiency of PSII

A Water-Pulse Amplitude Modulated (PAM) fluorometer (Heinz
Walz GmbH, Effeltrich Germany) controlled by WinControl software
(version 3.22) was used to measure ϕPSII and perform RLCs to measure
the light dependency of ϕPSII. Whole water samples for measurements
of ϕPSII had a brief exposure to far-red light after 30 min of dark
adaptation. Measurements were done in triplicate and corrected for
background fluorescence by measuring sample filtrate (0.2 μmpolycar-
bonate filter) in triplicate. Measurements of RLCs were in 8, 1 minute
intervals of increasing light intensity (E; range 3–1461 μmol
photon m−2 s−1). Photosynthetic–irradiance (P–E) parameters were
derived for each RLC by fitting ϕPSII against irradiance data to an
E-normalized version of Webb et al. (1974) following Silsbe and
Kromkamp (2012):

α� Ek � 1−e −E� Ekð Þ½ � � E−1 ð3Þ

where the light utilization efficiency (α) is defined as the light limited
slope of the P–E curve and rETRmax is the maximum relative electron
transport rate through PSII. The light saturation parameter (Ek) is then
defined as rETRmax/α or the irradiance that represents the inflection
from α to rETRmax (Table 1). P–E models that could allow for
photoinhibition were unnecessary to describe the data.

Gross phytoplankton production

Gross phytoplankton productivity (GPP) was derived from the RLC
P–E parameters, aϕ, Ē0, and KdPAR using the R package ‘phytotools’ that
is based on the primary production model described by Fee (1990).
Briefly, this approach first constructs the distribution of PAR through
the depth and time of day (Ez,t) as a function of KdPAR and Ē0. Then, ox-
ygenic photosynthetic rates (PO2) are calculated using the following
equation where Ez,t is expressed in units of mmol photons m−2 s−1,
aϕ has units of m−1, ϕPSII(E) represents the RLC P–E parameters and is
dimensionless, ΦRC is the quantum yield of photochemistry within
PSII (mol e− [mol photons absorbed]−1) and is assumed 1, and ΦO2 is
the quantum yield of O2 evolution (mol O2 [mol e−]−1) and assumed
to be 0.25.

PO2 ¼ Ez;t � aϕ � ϕPSII Eð Þ �ΦRC �ΦO2 ð4Þ

Finally, PO2 is integrated through depth and time and multiplied by
1/86400 s × day−1 to arrive at units of mmol O2 m−2 day−1.

Nutrient status indicators

The nutrient status of the phytoplankton communities were
assessed through a variety of indicators including PO4 turnover times
(TT), alkaline phosphatase activity (APA), P- and N-debts, stoichiomet-
ric ratios (N:P, C:P, C:N), and photosynthetic efficiency experiments
(Tables 1 and 2). TT and APA were measured as described in
Vandergucht et al. (2013) using radiophosphate uptake bioassays for

http://www.usask.ca/weather/kfarm/data/


Table 2
Light and nutrient status indicator thresholds applied to phytoplankton communities.
Values are from Guildford et al. (2005); P-debt, N-debt, C:N, C:P, and POC:Chl a are based
onHealey andHendzel (1979b), TT is based on Lean et al. (1983), and Ē24 and Ek on Hecky
and Guildford (1984). See Table 1 for parameter definitions and units.

Parameter Limiting
factor

No
deficiency

Moderate
deficiency

Extreme
deficiency

Deficient

Ē24/Ek Light N1 b1
Ē24 Light N41.7 b41.7
TT P N60 b60 b6
P-debt P b0.075 N0.075
C:P P b129 N129 N258
N:P P b22 N22
N-debt N b0.15 N0.15
C:N N b8.3 N8.3 N14.6
POC:Chl a N/P b4.2 N4.2 N8.3
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TT. Briefly, carrier-free radiophosphate was added to samples (33PO4,
final activity ~50,000 cpm mL−1) and planktonic uptake of 33PO4 was
monitored by sub-sampling the dissolved pool at approximately 1, 2,
5, 8, and 12 min after radiophosphate addition (syringe filtration,
3–10 mL sub-samples, 25 mm diameter polysulphone, 0.2 mm pore
size). Radioactivity was measured by liquid scintillation counting and
corrected for background radioactivity; quenching of samples was not
detected. Radioactivity remaining in thedissolved fraction (i.e., total dis-
integrations per minute) over time was fitted to a polynomial function
(Currie and Kalff, 1984). The uptake constant was determined by taking
the derivative of the polynomial at time zero and dividing by total radio-
activity. The reciprocal of the uptake constant is TT. For APA, a 5 μM
substrate (4-methylumbelliferyl phosphate; 4-MUP) was added to
sample water and measured fluorometrically using a Varioskan Flash
spectral scanning multimode reader (Thermo Scientific). Total and
dissolved (b0.2 μm) APA were measured and subtracted from each
other to obtain particulate APA which was standardized to extracted Chl
a concentrations.

P- and N-debt experiments were based on Healey (1977) and were
combined with photosynthetic efficiency experiments. The ϕPSII of the
nutrient spiked water (+N, +P, +N + P) was measured in triplicate,
before and after dark incubation. Background fluorescence was again
measured as sample water filtrate (0.2 μm polycarbonate filter) and
subtracted from ϕPSII measurements. Each lake sample was divided
into 4, 900mL sub-samples. Three containers received additional nutri-
ents (+N, +P, +N + P; final concentration 5 μM) of NH4Cl and
KH2PO4, respectively. The fourth sub-sample served as a control with-
out nutrient addition. All treatments were incubated in the dark for
18–24 h, in an environmental chamber at in situ temperatures. After in-
cubation,ϕPSII measurementswere again conducted on all 4 treatments.
N-debt and P-debt samples were taken from the + N and + P
treatments, and uptake was measured as the difference in nutrient
concentrations from before and after incubation normalized to Chl a
concentrations.

Light and nutrient status indicators

The application of phytoplankton physiological deficiency thresh-
olds to a variety of light and nutrient status indicators allows for the
critical assessment of deficiencies comparable across natural systems.
In most cases, the thresholds (Table 2) were developed and applied to
growth rates of freshwater algal batch cultures in laboratory experi-
mental conditions representingnutrient sufficiency and various degrees
of P and N limitations (Healey and Hendzel, 1979b) along with light in-
teractions (Rhee and Gotham, 1981). Since their development, the indi-
cators and their associated thresholds have been successfully applied to
a diverse global set of lakes ranging in trophic status from eutrophic,
light limited Lake Victoria (e.g., Guildford et al., 2003; North et al.,
2008), to oligotrophic Lake Superior (e.g., Guildford et al., 2000), and a
variety of smaller lakes (e.g., Guildford and Hecky, 2000).
Previous researchers have differentiated between proximate light
limitation and light sufficiency through the use of thresholds describing
the daily mixed layer irradiance (Hecky and Guildford, 1984; Venables
and Moore, 2010). Above these light thresholds, phytoplankton growth
rates are assumed to be limited by another factor (i.e., nutrients). We
employ such an approach here using the light deficiency thresholds
(Ē24/EK and Ē24) developed on a Canadian reservoir (South Indian
Lake, Manitoba; Hecky and Guildford, 1984) and supported by experi-
mental algal culture studies (Rhee and Gotham, 1981). Hecky and
Guildford (1984) found that the onset of P deficiency occurred at Ē24
values ranging from 41.7 to 58.3 μmol m−2 s−1 and attributed
the variability to differences in algal composition and mixing depths.
The indicator threshold for Ē24 was applied to LD to explore light
and nutrient co-limitation as it represents the balance between light
(b41.7 μmol m−2 s−1) and nutrient (N41.7 μmol m−2 s−1) deficiency
of phytoplankton populations (Table 2; Hecky and Guildford, 1984).
The upper range of this threshold (58.3 μmol m−2 s−1) has also been
applied to western Canadian lakes and reservoirs (Davies et al., 2004).
The Hecky and Guildford (1984) threshold is similar to that applied in
the high nutrient low chlorophyll regions of the ocean, where a
threshold of 35 μmolm−2 s−1was used to assess light limitation of phy-
toplankton communities (Venables andMoore, 2010). To test the appli-
cation of the freshwater Ē24 (41.7 μmol m−2 s−1) threshold's relevance
to Lake Diefenbaker, we conducted segmented regression analyses
(Muggeo, 2008) on GPP rates and phytoplankton biomass to identify
breakpoints in the light environment (Ē24) representing the gradient
between light and nutrient deficiency. Our analyses identified
breakpoints for GPP and phytoplankton biomass of 26.5 and
43.0 μmol m−2 s−1, respectively; with a mean of 34.7 μmol m−2 s−1.
Within our dataset therewerefive occurrenceswhere Ē24 values fell be-
tween the literature established 41.7 and our breakpoint identification
at 34.7 μmolm−2 s−1, representing 8% of the samples; thus, the applica-
tion of the lower range of the literature established freshwater thresh-
old (41.7 μmol m−2 s−1; Table 2; Hecky and Guildford, 1984) seems
valid to our dataset. We acknowledge that this threshold is variable,
but it serves as a starting point for discussion and evaluation of our data.

Previously established literature-supported thresholds for nutrient
limitation (Healey and Hendzel, 1979b; Guildford et al., 2005; Table 2)
were applied to measurements of P-debt, N-debt, C:N, C:P, N:P, and
POC:Chl a ratios. Healey and Hendzel's (1979b) thresholds were based
on experimental culture results and applied in a large lake survey
(Healey, 1975). The division points were selected for no deficiency
(exponentially-growing algae), moderate deficiency (a growth rate of
half the maximum), and extreme deficiency (a growth rate of less
than 1/5 the maximum; Healey and Hendzel, 1979b). Healey and
Hendzel's (1979b) APA threshold was developed using o-methyl-
fluorescein-phosphate (OMFP) as a substrate, and therefore, was not di-
rectly applicable to our APAmeasurements because we used a different
substrate (4-MUP).

The strength of nutrient status work is in the application of more
than one indicator when evaluating a natural population; thus the
Healey and Hendzel (1979b) nutrient indicators were supplemented
with an additional P status indicator; an estimate of the turnover time
(TT) of phosphate using radiophosphate (Lean et al., 1983). Defined as
the time required for phosphate to be taken up, TT provides an
indication of the metabolic state of the plankton community (though
does not account for phytoplankton or bacterial biomass). The
thresholds were defined by differentiating between rapid (6–60 min)
TTs indicating that phosphate was in great demand, relative to long
TTs (60–12,000 min) indicative of conditions where phytoplankton
were not phosphate depleted (Lean et al., 1983).

There is a non-linear relationship between irradiance, growth rates,
and photosynthesis, particularly for multi-species assemblages with
variable net growth efficiency and POC:Chl a ratios (Falkowski and
Raven, 2007). Thus, we acknowledge that our application of nutrient
(sensu Healey, 1975, 1977, 1985; Healey and Hendzel, 1979a,b) and
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light (sensu Hecky and Guildford, 1984; Venables and Moore, 2010)
thresholds developed for growth rates to P–E parameters and GPP
rates should be interpreted with caution with consistency among the
various metrics being the strongest evidence to support a characteriza-
tion of light and/or nutrient limitation.

Data analyses and statistics

All data were tested for normality with the Shapiro Wilk test
(p b 0.05) and transformed appropriately to achieve normal distribution
prior to all statistical analyses. Linear regression analyses were
employed to assess the relationships (p b 0.05) between our proxies
for phytoplankton biomass and to calibrate the sonde-derived fluores-
cence values. The differences in biomass, P–E parameters, and nutrient
status between light deficient and sufficient samples were assessed
with an Analysis of Variance (ANOVA). To test for monthly differences
in the model derived (Eq. (3)) P–E parameters, we employed a
Kruskal–Wallis H test (p b 0.05). The ϕPSII experiments were tested for
significance by applying ANOVAs to triplicate measurements of the
experimental treatments, and if significant, were followed with post
hoc Dunnett-tests (pairwise comparison, two-sided), comparing the
control treatment to + N, +P, and + N + P additions.

In order to assess spatial differences and address questions related to
the reservoir continuum concept, sample sites were grouped together
into 4 regions (Fig. 1). The regions were chosen to represent the three
regions of reservoir dynamics: up-reservoir, riverine; down-reservoir,
transitional; and the arms, lacustrine regions (Kimmel and Groeger,
1984). Physical (two light parameters), biological (five phytoplankton
parameters), photosynthesis-irradiance (five parameters), and nutrient
status indicator (seven parameters) datawere then analyzed for region-
al and monthly differences with the linear mixed effect (LME) analyses
of the nlme-package (statistical program R, version 3.1.0). The model
was followed with an ANOVA and significant treatment effects were
subjected to a post hoc interaction test with pairwise comparisons
between factors using the phia-package in R. Interactions between the
two factorswere not applied to thenutrient status parameters impacted
by high turbidity due to their smaller sample size. We used the follow-
ingmodel structure for themajority of the parameters; for all turbidity-
Table 3
Lake Diefenbaker limnological parameters and nutrient chemistry during the open-water seaso
limit) ofn samples, numbers in superscript indicaten values that differed from those reported in
subjected to high turbidity (N20 NTU).

Parameter Up-reservoir (n = 15) Down-reservoi

Physical
Zmax 20.6 (17.0, 24.3) 41.7 (38.9, 44.4
Zmix 14.7 (12.1, 17.2) 18.3 (13.8, 22.8
Secchi 0.9 (0.3, 1.4)14 2.6 (1.8, 3.4)18

KdPAR 2.73 (1.33, 4.14)14 1.06 (0.47, 1.65
Ē24 24.1 (8.8, 39.5)13 35.5 (26.1, 44.9

Chemical
TP 1.36 (0.67, 2.05) 0.66 (0.42, 0.90
TDP 0.29 (0.17, 0.41) 0.27 (0.15, 0.38
PP 0.90 (0.40, 1.40) 0.38 (0.18, 0.58
DRP 0.19 (0.07, 0.31) 0.06 (0.04, 0.07
TN 37.00 (30.03, 43.98) 51.90 (46.35, 5
TDN 31.72 (25.01, 38.44) 46.83 (42.53, 5
PN 8.5 (6.0, 11.0) 5.3 (3.4, 7.3)
NH4

+ 1.32 (0.77, 1.86) 1.01 (0.61, 1.41
NO3

− 16.96 (10.15, 23.78) 33.63 (29.84, 3
TDFe 2.11 (0.09, 4.13) 0.83 (−0.17, 1
DRSi 113.99 (99.44, 128.53)14 107.08 (93.96,

Biological
Chl a 3.2 (1.6, 4.8) 3.5 (1.8, 5.3)
POC 42.1 (27.6, 56.6)11 31.3 (17.7, 44.8
Phyto 268.48 (−129.29, 666.25)5 226.45 (93.54,
% cont. Crypto & Bacill 90 (83, 97)5 90 (84, 96)10

NE, phytoplankton samples from the Qu'Appelle arm were not enumerated.
impacted nutrient status parameters, a simplified version of the model
was applied without the interaction term:

Yi ¼ β0 þ β1Monthþ β2Regionþ β3Month � Regionþ Siteþ εi ð5Þ

where Yi was the transformed parameter Y (e.g., Chl a) at site i, while
Month and Region were fixed effects representing June–October and
the four regions of the reservoir, respectively. β0 was the average de-
pendent variable when the month and region were one. β1 to β3 were
the average differences in the dependent variable between months
when controlling for region (β1), between regions when controlling
for month (β2), and the interactions (β3). Site was a random effect for
the sampling sites. Random effects and the residual error (εi) are
assumed to be drawn from a normal distribution N (0, σ2).

Results

Mixing dynamics and light conditions

LakeDiefenbaker'smaximumdepth (Zmax) and stability of thewater
column increased along the length of the reservoir (Table 3) from con-
sistently isothermalM3 (Fig. 1; Zmax of 14m) to seasonally stratifiedM8
in theGardiner arm (Fig. 1; Zmax of 51m). All sites in the lacustrine arms
were stratified from June to October, with the exception of the
Qu'Appelle arm in October. Relative to the Gardiner and Qu'Appelle
arms, the up- and down-reservoir stations exhibited reduced water
clarity as shown by shallower Secchi disk depths (Table 3) and signifi-
cantly higher attenuation coefficients (KdPAR; Tables 1, 3, 4), particularly
up-reservoir. This pattern of increased light penetration in the arms is
consistent with the highest sediment deposition rates occurring up-
reservoir (Sadeghian et al., 2015). The attenuation of PAR was highest
at up-reservoir locations (mean of 2.7 m−1) and declined in the arms
(mean of 0.5 m−1; Table 3), illustrating the spatial gradient in both tro-
phic status and turbidity due to the inflowing SSR.

The mean irradiance (Ē24) experienced by algal cells that are evenly
mixed throughout the epilimnion was used to assess light deficiency
(Figs. 2A, B). We tested the assumption of an even distribution of cells
in the mixed layer through an examination of the monthly Chl a
n of 2013. Shown are the arithmeticmean and 95% confidence intervals (lower limit, upper
the columnheaders. See Table 1 for parameter definitions and units. POC excludes samples

r (n = 20) Gardiner arm (n = 15) Qu'Appelle arm (n = 10)

) 50.8 (49.4, 52.3) 29.2 (25.3, 33.0)
) 22.4 (16.1, 28.6) 16.2 (10.4, 22.0)

4.6 (4.0, 5.2)14 4.2 (3.4, 4.9)
) 0.46 (0.43, 0.49)14 0.53 (0.41, 0.65)
) 55.5 (31.9, 79.2)14 68.2 (33.7, 102.7)

) 0.41 (0.34, 0.47) 0.42 (0.35, 0.49)
) 0.15 (0.14, 0.17) 0.16 (0.14, 0.19)
) 0.18 (0.15, 0.22)14 0.23 (0.14, 0.32)
) 0.04 (0.03, 0.05) 0.04 (0.02, 0.05)
7.44) 43.72 (40.89, 46.54) 43.37 (39.77, 46.96)
1.11) 39.02 (36.02, 42.02) 38.29 (34.27, 42.29)

3.8 (3.0, 4.5) 4.4 (3.6, 5.3)
) 0.63 (0.45, 0.80) 0.60 (0.42, 0.78)
7.42) 27.85 (25.58, 30.12) 27.20 (24.00, 30.39)
.82)18 0.05 (0.03, 0.07) 0.05 (0.02, 0.08)
120.20) 71.14 (58.19, 84.08) 80.08 (63.06, 97.10)

2.1 (1.7, 2.4) 2.5 (2.1, 3.0)
)18 22.7 (18.6, 26.7)15 29.7 (22.6, 36.9)9

445.16)10 141.15 (83.64, 198.66)5 NE
71 (43, 98)5 NE



Table 4
Linear mixed effect (LME) model output of physical, biological, photosynthesis-irradiance (P–E), and nutrient status indicator data. Data was tested for the effect of regional and monthly
factors. An ANOVAwas included in the LME analyses (F and p values) and if factors were significant, a post hoc test was conducted (as indicated by lower case letters where similar letters
are not significantly different fromeachother;p N 0.05). U, up-reservoir; D, down-reservoir; G,Gardiner arm;Q,Qu'Appelle arm; Jn, June; Jl, July; A, August; S, September;O, October. In the
first column, superscript a, includes all data while superscript b, excludes samples subjected to high turbidity (N20 NTU) so due to this smaller sample size interactions (region ∗month)
were not included in the model. See Table 1 for parameter definitions and units.

Fixed effect F value p value Regional analyses Monthly analyses

U D G Q Jn Jl A S O

Physical
KdPAR

a Region F3,8 = 31.352 0.0001 a b c c
Month F4,30 = 9.465 b0.0005 a b a a a
Interaction: Region ∗ Month F12,30 = 3.762 0.0016

Ē24a Region F3,8 = 12.422 0.0022 a b c c
Month F4,29 = 10.861 b0.0005 a b a a c
Interaction: Region ∗ Month F12,29 = 4.025 0.0011

Biological
Chl aa Region F3,8 = 0.542 0.6670

Month F4,32 = 5.656 0.0015 a b b b b
Interaction: Region ∗ Month F12,32 = 2.789 0.0102

POC:Chl ab Region F3,8 = 1.958 0.1990
Month F4,37 = 1.850 0.1401

Phytoa Region F2,1 = 0.126 0.8939
Month F4,4 = 8.866 0.0287 a bc b d c
Interaction: Region ∗ Month F8,4 = 2.235 0.2280

Cryptoa Region F2,1 = 3.516 0.3528
Month F4,4 = 6.054 0.0546
Interaction: Region ∗ Month F8,4 = 2.291 0.2206

Bacilla Region F2,1 = 5.602 0.2863
Month F4,4 = 23.452 0.0049 a b cf df e
Interaction: Region ∗ Month F8,4 = 6.488 0.0443

P–E
EKa Region F3,8 = 11.361 0.0003 a b c c

Month F4,153 = 6.795 b0.0005 a b ab ab c
Interaction: Region ∗ Month F4,153 = 4.450 b0.0005

αa Region F3,8 = 0.998 0.4420
Month F4,32 = 11.879 b0.0005 a b a ab c
Interaction: Region ∗ Month F12,32 = 2.601 0.0154

rETRmax
a Region F3,8 = 5.110 0.0290 a b c bc

Month F4,32 = 5.754 0.0013 a a a a b
Interaction: Region ∗ Month F12,32 = 2.073 0.0496

ϕPSII
a Region F3,8 = 0.554 0.6599

Month F4,32 = 13.414 b0.0005 ab a b b c
Interaction: Region ∗ Month F12,32 = 1.927 0.0687

GPPa Region F3,8 = 5.961 0.0195 a b b b
Month F4,32 = 2.515 0.0608
Interaction: Region ∗ Month F12,32 = 1.027 0.4487

Nutrient status
TTa Region F3,8 = 3.078 0.0905

Month F4,32 = 7.856 0.0002 a ab b ab c
Interaction: Region ∗ Month F12,32 = 1.728 0.1069

APAa Region F3,8 = 2.944 0.0987
Month F4,32 = 6.412 0.0007 a a b a b
Interaction: Region ∗ Month F12,32 = 1.656 0.1252

N:Pb Region F3,8 = 6.048 0.0187 a b c c
Month F4,37 = 1.690 0.1731

P-debtb Region F3,8 = 0.425 0.7382
Month F4,38 = 2.831 0.0378 a ab a a b

C:Pb Region F3,8 = 4.727 0.0351 a a b b
Month F4,36 = 1.484 0.2276

N-debtb Region F3,8 = 1.176 0.3777
Month F4,38 = 4.806 0.0031 ab a ab b c

C:Nb Region F3,8 = 0.475 0.7084
Month F4,37 = 3.358 0.0193 a a b b ab
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fluorescence profiles as a proxy for algal biomass (Electronic Supple-
mentary Material (ESM) Appendix S1). While the validity of this
assumption fluctuated on a monthly basis in the Gardiner arm, the Chl
a maxima were consistently within the mixed layer with a notable ab-
sence of deep chlorophyll maximums (DCMs; Mellard et al., 2011). As
well, given the vertical diel migration of phytoplankton (Mellard et al.,
2011), profiles collected during daylight hours may not be representa-
tive of algal distributions on a 24-h basis. Chl amaxima got progressively
closer to the surface over the season (ESM Appendix S1) corresponding
with the decreasing Ē24 values (Fig. 2B), providing further indications
that changes in the Ē24 values reflect the mean light environment in
the reservoir.

Light deficiency was prominent in the up-reservoir section with a
seasonal Ē24 mean (24 μmol m−2 s−1) well below the 41.7 threshold
(Table 2) except for the month of September when light was sufficient
(Fig. 2B). Down-reservoir Ē24 values were variable but had greater aver-
age light than up-reservoir, with June and September being light suffi-
cient. The arms were mostly light sufficient during the summer



Fig. 2. Monthly and regional patterns in physical and biological parameters. Monthly
means are shown with standard error bars. Panels show A) mixing depth, B) mean daily
photosynthetically active radiation (Ē24) displayed on a reversed Y-axis, C) chlorophyll a
(Chl a) concentration on a log10 scale. Values above dashed lines are considered light
deficient (Table 2; Hecky and Guildford, 1984).
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although Ē24 decreased in the fall because of deeper mixing depths and
shorter daily incident irradiance (e.g., October Ē0 values were 1.5 times
lower than in June, data not shown). This resulted in Ē24 values for the
Gardiner and Qu'Appelle arms in September and October being less
than the indicator threshold and suggestive of light deficiency
(Figs. 2A, B). Epilimnetic mean irradiance was significantly lower
throughout the reservoir in October, relative to the other months
(Table 3).

Indicators of phytoplankton biomass

Three different indicators were used to represent the in situ phyto-
plankton population including phytoplankton biomass via microscopic
counts, Chl a, and POC concentrations. We found a significant positive
relationship between POC and Chl a (R2

adj = 0.614, n = 53, p b

0.0005) as well as between phytoplankton biomass and Chl a (R2adj =
0.639, n = 18, p b 0.0005; Fig. 3B) for samples with turbidity less than
20 NTU. There was no relationship between POC and Chl awith the in-
clusion of samples of all turbidities (Fig. 3A). Therefore, we chose not to
include the 6 samples (M3, June 5; M3, M5, U1-M, C1-M, July 4; U2-M,
July 16) collected during conditions of high turbidity (N20 NTU) in the
reporting of our POC concentrations. These high turbidity samples
were also excluded from our application of turbidity-sensitive nutrient
status indicators including all stoichiometric particulate ratios and the
two debt assays. These relationships, combinedwith the significant pos-
itive ones between particulate N, particulate P, and Chl a concentrations
(data not shown) assured us that the particulate nutrients and Chl a
concentrations represented phytoplankton biomass in LD and validated
our use of them as nutrient status indicators.

The regulation of POC:Chl a intracellular stoichiometry is a universal
response of phytoplankton communities to both nutrient and light lim-
itation (Table 2, Geider et al., 1997; Healey and Hendzel, 1979b). In
2013, the mean reservoir POC:Chl a ratio was 11.4 ± 4.5 μmol C μg Chl
a−1, indicating that the LD phytoplankton community experienced nu-
trient deficiencies (Table 2), though no regional or monthly differences
were detected (Table 4).

Both Chl a concentrations and total phytoplankton biomass showed
no significant differences between regions, though monthly differences
were detected (Table 4, Figs. 2C and 4). Peak biomass occurred in June,
with a second much smaller peak in October (Table 4, Fig. 4). The
phytoplankton community consisted mostly of cryptophytes and
bacillariophytes; combined, they contributed 90% (up- and down-
reservoir) to the total phytoplankton biomass (Table 3, Fig. 4). The
same taxa formed a smaller proportion of the phytoplankton communi-
ty in the Gardiner arm (38–89%) due to an increase in dinoflagellates
and chlorophytes during July and August (Fig. 4).

There were no significant differences between light deficient and
sufficient categories using the Ē24 threshold for all three indicators of
phytoplankton biomass nor the Phyto:Chl a ratio (Table 5). However,
the POC:Chl a ratio was significantly lower during light deficient
conditions (Table 5).

P–E parameters

The ratio of themeanmixed layer irradiance (Ē24) relative to the P–E
parameter representing the irradiance at which the photosynthetic
electron transport begins to be saturated (EK; Fig. 5A) is an additional
indicator of light deficiency in phytoplankton communities (Ē24/EK
b1; Table 2; Hecky and Guildford, 1984). Themean ratio in LDwas con-
sistently less than 1 (0.12±0.11). Therefore, since EKwas never greater
than Ē24 (Figs. 2, 5), it indicates that the LD phytoplankton communities
were exposed to a mean light climate well below light saturation as
illustrated by the rETRmax (Table 1) mean value of 257.

Upon division into light deficiency and sufficiency using the Ē24
threshold, all of the P–E parameters (EK, rETRmax, ϕPSII, GPP; Table 1)
with the exception of the slope of the P–E curve (α), exhibited signifi-
cant differences (Table 5). Significant regional and monthly differences
in EK (Table 4, Fig. 5A) reflected the gradually increasing values over the
season for the down-reservoir and Gardiner arm samples, resulting in
EK maxima in October (Fig. 5A). rETRmax peaks also occurred in October
(Table 4, Fig. 5C). Both EK and rETRmax significantly declined during
conditions of light sufficiency (Table 5).

The quantum efficiency of photosystem II (ϕPSII) was the most
variable in the up-reservoir region, whereas in the down-reservoir,
Gardiner and Qu'Appelle arms, values slowly increased throughout the
sampling period (Fig. 5D). In October, the ϕPSII was significantly higher
than all previous months (Table 4, Fig. 5D) with mean values in all re-
gions close to the empirical maximum value of ~0.65 (Kolber and
Falkowski, 1993). Under light sufficient conditions (according to the
Ē24 threshold), the ϕPSII values also significantly decreased (Table 5).
Rates of GPP showed a significant response to improved light condi-
tions, with a 56% increase observed (Table 5). Up-reservoir samples

Image of Fig. 2


Fig. 3. Relationships between indicators of phytoplankton biomass. Panels show A) the relationship between POC and Chl a concentrations for the entire dataset, where samples collected
during conditions of high turbidity (N20 NTU) are indicated; B) the relationship between POC, phytoplankton biomass, and Chl a concentrations (exclusive of the high turbidity samples).
Significant positive relationships were found between POC and Chl a (shaded circles), and also between phytoplankton biomass and Chl a (open squares). Note the log10 axes.

137P. Dubourg et al. / Journal of Great Lakes Research 41 Supplement 2 (2015) 129–143
were significantly less productive than the rest of the reservoir, and no
seasonal patternswere apparent (Table 4, Fig. 5E). The highestGPP rates
occurred in the Gardiner arm in June (Fig. 5E).

The P–E curve derived frommodel fit (Eq. (3); Webb et al., 1974) to
gross primary production normalized to Chl a (GPPB; Table 1) and Ē24
for samples collected in August illustrate a positive slope (GPPB/ Ē24)
at low irradiances (b50.0 μmol m−2 s−1). All samples collected at in
situ Ē24 values N 40 μmol photonsm−2 s−1 were P deficient as assessed
by particulate N:P ratios (Fig. 6). Similar P–E curve fits were applied to
all of the months sampled and an open-water mean for the reservoir
was calculated (Table 6). The 95% confidence intervals for the P–E
model output Ē24 representing the inflection from the slope to the GPP-
B
max, bracket the Ē24 threshold of 41.7 μmolm−2 s−1 for allmonthswith
the exception of October. Therewere no significant differences between
months for either the GPPB/ Ē24 ratio nor the Ē24 threshold (H5,4 =
4.000, p = 0.406; Table 6). The open-water mean Ē24 threshold of
35.1 μmol m−2 s−1 (Table 6) was similar to our Ē24 breakpoint identi-
fied at 34.7 μmol m−2 s−1.

Phytoplankton community nutrient status

Based on TP concentrations, LD's regions can be categorized as
meso- to eu-trophic in the up- and down-reservoir sections, and
meso- to oligo-trophic in the Gardiner and Qu'Appelle arms (Table 3;
Fig. 4. Biomass of themajor phytoplankton groups in 3 regions of the reservoir; up-reservoir (U
water season of 2013 (n = 20).
Wetzel, 2001). Phosphorus (TP, Particulate P, TDP, DRP) concentrations
decreased from the inflow to the outflow (Table 3), although spatial N
concentration patterns were different, and indicate in-reservoir N pro-
cessing (Table 3).

The P status indicators (TT, APA, P-debt, N:P, C:P) were all in agree-
ment, and indicated moderate to extreme P deficiency throughout the
open-water season. Exceedances of the four P status indicator thresh-
olds (Table 2) occurred 65% of the times measured, indicating P defi-
ciency was prominent. Division of these four P status measurements
into light sufficient and deficient categories revealed that P status
thresholds were exceeded 90% of the times measured under conditions
of light sufficiency, and only 46% of the times measured under condi-
tions of light deficiency. According to all of the P status indicators, dur-
ing conditions of light sufficiency the phytoplankton communities
were significantly more P deficient than during light deficiency
(Table 5). The physiological indicators (TT, APA, P-debt) all showed sig-
nificant monthly declines from June until October, though no regional
differenceswere detected (Table 4, Fig. 7). The stoichiometric indicators
(N:P, C:P) agreed with each other, but showed different seasonal and
spatial patterns than the physiological indicators. Although the tempo-
ral pattern of P deficiencywas not apparent in the stoichiometric indica-
tors, their regional patterns indicated that the arms were significantly
more P deficient than the up- and down-reservoir regions (Table 4,
Fig. 7).
1-M), down-reservoir (U2-M and C3-M), and the Gardiner arm (U3-M), during the open-

Image of Fig. 3
Image of Fig. 4


Table 5
Phytoplankton biomass, photosynthetic parameters, and nutrient status indicators separated into in situ light deficient and sufficient categories. Mean and 95% confidence intervals of pa-
rameters divided into light deficient and light sufficient samples (Table 2) through the application of an indicator threshold for themean light experienced by a freely circulating algal cell
during a 24 hour period (Ē24) representing the balance between light deficiency (b41.7 μmol photons m−2 s−1) and light sufficiency (N41.7 μmol photons m−2 s−1; Table 2; Hecky and
Guildford, 1984). Differences between light deficient and sufficient sampleswere tested using anANOVA (p b 0.05). Bold values indicate nutrient deficiencies (Table 2). In thefirst column,
superscript a, indicates all data included while superscript b, indicates samples subject to high turbidity (N20 NTU) were excluded. See Table 1 for parameter definitions and units.

Light deficient Light sufficient

Ē24 b 41.7 Ē24 N 41.7

Mean (lower limit, upper limit) Mean (lower limit, upper limit)

Biomass
Phytoa F1,18 = 0.004, p = 0.953 252.78 (102.78, 402.79) 200.45 (27.94, 372.96)
Chl aa F1,55 = 0.250, p = 0.619 3.0 (1.9, 4.1) 2.8 (1.9, 3.6)
POCb F1,48 = 2.830, p = 0.099 29.2 (20.2, 38.2) 32.6 (25.4, 39.8)
Phyto:Chl aa F1,18 = 0.096, p = 0.760 83.1 (42.2, 124.0) 77.6 (52.5, 102.7)
POC:Chl ab F1,47 = 10.522, p = 0.002 9.8 (8.3, 11.3) 13.7 (11.7, 15.7)

P–E parameters
Eka F1,55 = 24.269, p b 0.0005 524 (480, 569) 383 (355, 410)
αa F1,55 = 3.043, p = 0.087 0.56 (0.53, 0.58) 0.53 (0.51, 0.54)
rETRmax

a F1,55 = 23.452, p b 0.0005 287.6 (260.6, 314.6) 199.7 (178.8, 220.6)
ϕPSII

a F1,55 = 9.413, p = 0.003 0.59 (0.56, 0.62) 0.53 (0.52, 0.55)
GPPa F1,55 = 11.908, p = 0.001 82 (61, 104) 147 (88, 206)

Nutrient status
TTa F1,55 = 15.852, p b 0.0005 357 (160, 554) 17 (9, 25)
APAa F1,55 = 10.949, p = 0.002 0.272 (0.147, 0.397) 0.565 (0.399, 0.731)
N:Pb F1,48 = 4.393, p = 0.041 17.9 (15.4, 20.4) 20.9 (18.5, 23.3)
P-debtb F1,48 = 5.550, p = 0.023 0.10 (0.08, 0.12) 0.14 (0.12, 0.17)
C:Pb F1,47 = 4.159, p = 0.047 111.5 (93.4, 129.6) 128.3 (115.2, 141.4)
N-debtb F1,49 = 24.880, p b 0.0005 0.25 (0.10, 0.39) 0.01 (0.00, 0.02)
C:Nb F1,48 = 0.062, p = 0.805 6.2 (5.9, 6.6) 6.3 (5.9, 6.7)
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No conditions of N deficiency were observed, as assessed by the
N-debt and C:N indicators from June to September (Figs. 7H, I). In Octo-
ber, N deficient conditions were indicated by N-debt assays at down-
reservoir locations (Fig. 7H). While there were no differences in the
C:N ratios between light deficient and sufficient samples, the N-debt
assay indicated that N deficiency was occurring under conditions of
light deficiency (Table 5).While both indicators showed no regional dif-
ferences, they had contrasting seasonal patterns, with N-debt indicating
increasing N deficiency from June to October, while the C:N ratios
showed the opposite trend (exclusive of October; Figs. 7H, I).

There were significant increases in ϕPSII relative to controls in nutri-
ent addition photosynthetic efficiency experiments on 6 occasions, pri-
marily during June and July (Table 7). The responses were primarily the
result of the addition of + N + P and + P, indicating P deficiency in
agreement with the other P deficiency indicators (Fig. 7), though
there were indications of N and P co-deficiency as well (Table 7,
Fig. 7). The single response to the addition of N was not supported by
the in situ N status indicators (Fig. 7). Although not significant, the ma-
jority of the time, phytoplankton communities responded positively to
nutrient additions, regardless of the specific nutrient or combination
(+P = +2%, +N = +1.9%, +N + P = +2.8%; Fig. 7).
Discussion

We provide evidence of light and P co-limitation of the Lake Diefen-
baker phytoplankton communities during the open-water season of
2013. The impact of this co-limitation is evaluated relative to monthly
and spatial differences in phytoplankton biomass and gross primary
productivity. The up-reservoir region was highly affected by inflow
from the SSR and experienced almost constant light limitation
displaying properties typical of a riverine region. Although phytoplank-
ton biomass was highest in this region, the maximum GPP rates were
measured in June in the Gardiner arm under conditions of stratification
and sufficient light. Phytoplankton communities within the transitional
and lacustrine regions of the reservoir experienced symptoms of P
limitation, often congruent with light sufficiency.
Impact of light and nutrient status on phytoplankton biomass and gross
primary production rates

The reservoir's GPP maximum was measured in the stratified arms
during spring prior to the high flow event, which coincided with the
highest Ē24 values and the highest indicators of P deficiency, illustrating
the importance of nutrient use efficiency in this prairie reservoir. The in-
fluence of the turbid SSR on phytoplankton production and physiology
was reflected in the low GPP rates close to the inflow, particularly
during episodes of high turbidity in June and July. This was also the
time of the greatest phytoplankton biomass and Chl a concentrations,
though high concentrations of phaeophytin (9–11 μg L−1; data not
shown) at up-reservoir and down-reservoir locations indicated the
phytoplankton in those regions were not photosynthetically active.
We acknowledge that high phaeophytin concentrations can also
indicate high grazing rates (Wetzel, 2001); however, we are unable to
test the impact of grazing in the spring in these regions, as the only LD
zooplankton data available is from a station in the Qu'Appelle arm
where the effects of zooplankton on phytoplankton biomass was
found to be most significant in July (Vogt et al., 2015). This spring phy-
toplankton peak is consistent with the PEGmodel of the phytoplankton
spring bloom for north temperate lakes (Sommer et al., 2012) wherein
physics (light and stratification) define the start and end of the phyto-
plankton growth season with nutrient limitation being dominant in
the summer. For example, in LDwhen light became sufficient, algal bio-
mass increased resulting in increased P demand and eventual P defi-
ciency of the phytoplankton communities.

Phytoplankton photoacclimate to higher light by reducing their light
harvesting pigments and by up-regulating mechanisms that divert
excess energy away from the photosystems (Arrigo et al., 2010). If
photoacclimation was occurring in LD we would expect to see higher
ratios of Phyto:Chl a and POC:Chl a in light sufficient relative to light
deficient conditions. We do find some evidence of this, wherein the
POC:Chl a ratio was significantly higher under light sufficient
conditions. The significant positive relationship between GPP and Chl
a concentrations (n = 60, R2

adj = 0.336, p b 0.0005) in LD indicates
moderate coupling between gross primary production and



Fig. 6. P–E curvefit to gross primary production (GPP) and in situmean daily photosynthet-
ically active radiation (Ē24) illustrating light and nutrient co-limitation. Data is from 12
stations in Lake Diefenbaker sampled in August of 2013. GPP rateswere derived from active
fluorescence and phytoplankton absorption coefficient measurements (see Methods) and
normalized to Chl a (denoted with the superscript B) and shown as specific rates of photo-
synthesis. Ē24 values were calculated as a function of KdPAR and mixed layer depth (see
Methods). Model (Eq. (3)) output and associated 95% confidence intervals are given.
Phosphorus status of the in situ phytoplankton communities is represented by particulate
N:P ratios where values exceeding 22 (molar ratio; Table 2) are considered P deficient
(open circles), while ratios less than 22 are considered P sufficient (solid circles).
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light harvesting capacity in this reservoir. As expected, our active
fluorescence-based measurements of GPP represent PSII reduction
rates that are dependent upon howmuch light is absorbed and how ef-
ficiently it is processed by PSII (Silsbe et al., 2015). Within the reservoir,
GPP rates increased significantly (almost doubled) at sites with higher
light conditions, which was also supported by the significant changes
in P–E parameters, demonstrating their ability to adjust photosynthetic
capacity in response to changes in light. While light use efficiency is
clearly important in LD, our data illustrate that sufficient supply of
both light and P are needed to elicit positive growth and GPP rates.

Biomass accrual and photosynthetic activity are reliant upon both
light and nutrients over the range of natural conditions. Phytoplankton
community response to changes in light and nutrients is variable and
species-specific. For example, light responses are dependent upon mo-
bility and sinking rates, while response to nutrients are dependent on
the specific cell needs such as bacillariophyte's silica requirements.
This highlights the importance of using multiple lines of evidence
(nutrient and light status indicators)when predicting primary producer
response to environmental changes, an important consideration in
managing lake and reservoir water quality.

Our GPP estimates are the first-ever reported for the whole of Lake
Diefenbaker. A recent study conducted in the Qu'Appelle arm of the res-
ervoir used alternative methods to determine net primary production
(NPP) rates (Quiñones-Rivera et al., 2015). Assuming a euphotic depth
(2 x Secchi) of ~9 m and a photosynthetic quotient of 1 (Quiñones-
Rivera et al., 2015), their mean NPP rate between May and August 2013
was 4.4 ± 5.4 mmol O2 m−2 day−1 (Quiñones-Rivera et al., 2015). Our
mean June–August 2013 GPP rate for the Qu'Appelle arm (n = 6) was
126± 37mmol O2m−2 day−1. Explanations for our considerably higher
estimates could include the fact that respiration rates are not accounted
for in our GPP estimates, although respiration rates were reported to be
Fig. 5.Monthly and regional patterns in P–E parameters. Monthly means are shown with
standard error bars. Panels show A) light saturation parameter (EK), B) light limited slope
of the P–E curve (α), C) maximum relative electron transport rate through PSII (rETRmax),
D) maximum quantum yield of PSII (ϕPSII) with the empirical maximum value of ~0.65
(Kolber and Falkowski, 1993) depicted with a dashed line, E) Gross primary production
(GPP).

Image of Fig. 5
Image of Fig. 6


Table 6
Monthly mean and 95% confidence intervals (in parentheses) of P–E parameters derived
from model fits (Eq. (3); Webb et al., 1974) to gross primary production normalized to
Chl a (GPPB) and in situ mean daily photosynthetically active radiation (Ē24) in Lake Die-
fenbaker in 2013. An example of the P–E curve resulting from this approach is illustrated
in Fig. 6 for the month of August. The P–E model output is reported as the slope of the
curve (GPPB/ Ē24) and an irradiance (Ē24) threshold that represents the inflection from
the slope to the GPPBmax. There were no significant monthly differences between GPPB/
Ē24 nor the Ē24 threshold.

Month GPPB/ Ē24 Ē24 threshold

June 1.28 (0.18, 2.38) 51.4 (−12.69, 115.49)
July 3.03 (−0.38, 6.44) 17.3 (−7.20, 41.80)
August 1.92 (1.19, 2.64) 50.0 (9.23, 90.77)
September 1.60 (0.54, 2.66) 55.5 (−23.68, 134.68)
October 3.20 (−9.91, 16.31) 1.3 (−3.99, 6.59)
Open-water mean 2.21 (1.13, 3.28) 35.1 (4.92, 65.28)
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low in 2013 (P:R N 1; Quiñones-Rivera et al., 2015). Our GPP rates were
derived from RLCs employing a range of irradiances representing in situ
light conditions (3–1461 μmol photon m−2 s−1), while their rates were
derived from bottles incubated under constant illumination (450 μmol
photonm−2 s−1; Quiñones-Rivera et al., 2015), which could also explain
the large differences in our estimates. In comparison with other large
lakes and reservoirs, Lake Diefenbaker GPP rates (108.2 ± 100.6 mmol
O2 m−2 day−1) are comparable to those measured at an oligo- meso-
trophic nearshore site on Lake Ontario (111.8 mmol O2 m−2 day−1;
Bocaniov and Smith, 2009).

Photosynthetic efficiency responses

Active fluorescence techniques are increasingly applied to freshwa-
ter ecosystems (Guildford et al., 2013; Havens et al., 2012; Silsbe et al.,
2012), enabling the non-invasive assessment of photosynthetic efficien-
cy of in situ phytoplankton communities. As defined for LD, under light
deficient conditions the phytoplankton communities responded by in-
creasing their efficiency of light utilization resulting in significantly
higher P–E parameters. In addition to light, nutrient deficiencies
(Beardall et al., 2001; Geider and La Roche, 1994; La Roche et al.,
1993) and phytoplankton community composition (Arrigo et al.,
2010; Juneau and Harrison, 2005; Suggett et al., 2009) have been
shown to influence primary photochemistry. In LD, we observed very
little change in the phytoplankton community composition at the
up-reservoir and down-reservoir locations. The largest seasonal change
in the phytoplankton community occurred in theGardiner arm, butwas
unrelated to the seasonal changes inϕPSII. Thus,we feel it is unlikely that
phytoplankton community changes had a large influence on photosyn-
thetic efficiency during the course of our study.

When are nutrients important?

In 2013, phosphorus was the limiting nutrient in Lake Diefenbaker,
just as it has been described historically (1984–1985; SEPS and EC,
1988). The one indication of N deficiency, combined with the high con-
centrations of dissolved iron and silica in the reservoir provide further
evidence that P is the limiting nutrient. Both short-term physiological
assays and long-term compositional nutrient status indicators (Davies
et al., 2010; Geider and La Roche, 1994; La Roche et al., 1993) were in
agreement, providing weight of evidence for P limitation of LD phyto-
plankton communities. We acknowledge that 2013 may not have
been a representative year due to the high flow event (Hudson and
Vandergucht, 2015) which clearly influenced both the light and nutri-
ent dynamics. For example, the mean annual external TP loading to LD
for the hydrologic years 2011 and 2012 (May–April) was 1075
tonnes yr−1; during our study period (May–October 2013) the external
TP loading was 4834 tonnes (North et al., 2015). However, because the
majority of this TP load is in particulate form (Johansson et al., 2013)
and may not be biologically available, symptoms of P deficiency were
still detected in the phytoplankton communities. Additional studies in
this issue also provide supporting evidence of P limitation of LD phyto-
plankton on both decadal (1995–2013; Vogt et al., 2015) and multi-
year (2010–2013; Quiñones-Rivera et al., 2015) scales, illustrating that
the high P loading in 2013 did not substantially modify phytoplankton
community response to P within the reservoir.

Co-limitation of light and nutrients has been documented for algal
batch cultures (Healey, 1985; Rhee and Gotham, 1981). Healey (1985)
noted that at low light, there was a greater increase in N requirement
relative to that for P, whichmay explain why our N-debt assays indicat-
ed increased uptake under light deficient conditions, while our P indica-
tors showed the opposite response. These opposing responses can also
be explained by the mechanisms causing the light deficient conditions
in the reservoir. The high N-debts occurred in the dimictic down-
reservoir and Gardiner arm regions during the month of October
where light deficiency was induced by deeper mixing depths and
shorter daily incident irradiance. These deeper mixing depths reflect
the erosion of the thermocline in October, which combined with the P
sufficiency of the phytoplankton community as assessed by P status in-
dicators, suggests that P internally loaded from sedimentsmay have be-
come available to the pelagic phytoplankton during fall overturn.
Evidence supporting this can be found in a companion study (North
et al., 2015), wherein bottomwater DRP concentrations exhibited a sea-
sonalmaximumduring the isothermal fall period in the arms, indicating
a new supply of P through internal P loading from sediments. We sug-
gest that the higher N deficiency in the fall was due to a combination
of light deficient conditions and a pulse of biologically available P from
the bottom waters.

Year-round internal P loading rates within the reservoir only repre-
sent ~24% of the annual external TP load (North et al., 2015). The tem-
poral coherence of internal P loading and maximum GPP and biomass
peaks are offset in LD. This temporal disconnect wherein a new source
of P is available to phytoplankton during light deficient conditions
may explain why algal blooms are infrequent in LD (Yip et al., 2015).
However, internal P loading may be more influential in the Qu'Appelle
arm which is unique from the rest of the reservoir due to its polymictic
and quiescent nature (Hudson and Vandergucht, 2015), highest rates of
internal P loading (North et al., 2015), and the highest Ē24 values in the
reservoir. Yip et al. (2015) identified 12 historical algal bloom events
since 1984 (defined as N8 μg chl L−1) through analyses of satellite im-
ages of LD; 100% of the blooms occurred in the Qu'Appelle arm. Here,
the synchronization of light and nutrient supply may be supporting
these blooms.

Support for the reservoir continuum concept

The reservoir continuum concept states that within the riverine
zone, high, particulate (largelymineral) turbidity reduces light penetra-
tion and limits primary production (Kimmel and Groeger, 1984). The
up-reservoir region of LD fits this description, as it has the poorest
light conditions (highest KdPAR and lowest Ē24),with light deficiency de-
tected 85% of the times measured in 2013. The lowest GPP rates were
also measured in this region indicating light limitation, and the higher
ratio of non-algal:algal optical constituents should also be considered.
Within the transition zone, which is responsive to changes in the flow
regime, decreased turbidity results in enhanced depth of light penetra-
tion and increased rates of primary productivity (Kimmel and Groeger,
1984). Due to the high flow event of 2013, it is likely that our down-
reservoir stations experienced a poorer light environment than expect-
ed in a year with lower flows, as the phytoplankton communities were
still light limited 75% of the time in the down-reservoir region. Howev-
er, GPP was responsive to higher Ē24 values, with higher rates in the
down-reservoir and arm regions. The lacustrine zone is typically an en-
vironment where phytoplankton communities are limited by nutrients
(Kimmel and Groeger, 1984). Support for this has been reported in



Fig. 7.Monthly and regional patterns in nutrient status indicators. Monthly means are shown with standard error bars. Panels A–C and E–G are indicators of P deficiency, panels H–J are
indicators of N deficiency andpanel D represents P andN co-deficiencyderived fromphotosynthetic efficiency experiments. Panels showA) turnover time of phosphate (TT) on a reversed
log10 Y-axis, B) alkaline phosphatase activity (APA) displayed on a log10 Y-axis, C) particulate carbon to particulate P (C:P) ratio, excluding highly turbid samples, D) percent change inϕPSII

relative to a control after the addition of both P and N, E) P-debt, excluding highly turbid samples, F) particulate nitrogen to particulate phosphorus (N:P) ratio, excluding highly turbid
samples, G) percent change in ϕPSII relative to a control after the addition of P, H) N-debt, excluding highly turbid samples, I) particulate C to particulate N (C:N) ratio, excluding highly
turbid samples, J) percent change in ϕPSII relative to a control after the addition of N. Values above dashed lines indicate cases of nutrient deficiency (Table 2) and in case of the top-
most dashed line in A and C, extreme deficiency.
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Tennessee reservoirs, wherein APA increased from riverine to lacustrine
regions (Elser and Kimmel, 1985). While this was not supported by our
physiological indicators, evidence of higher P limitation in the lacustrine
regions was found in our compositional indicators, which were in
agreement with the longitudinal P chemistry gradients. Given that the
LD phytoplankton communities still experienced light limitation 36
and 30% of the time in the Gardiner and Qu'Appelle arms respectively,
we believe the compositional parameters are better able to distinguish
light from nutrient limitation, as has been suggested in culture studies
(Healey, 1985).

Image of Fig. 7


Table 7
One-way ANOVA and two-sided Dunnett post hoc comparison of ϕPSII after 24 hour incu-
bation, comparing measurements of an untreated control with samples which received
additional nutrients (+P, +N, +N + P). Post hoc tests were conducted on treatments
with a significant positive response to added nutrients relative to the control (p b 0.05 giv-
en in table).

Month Region Site Post hoc test
(p value)

P N NP

June Down-reservoir C3-M F3,8 = 7.692, p = 0.010 0.033 0.042 0.004
Gardiner arm M8 F3,8 = 7.082, p = 0.012 0.011
Qu'Appelle arm M10 F3,8 = 9.029, p = 0.006 0.003

July Up-reservoir M3 F3,8 = 5.658, p = 0.022 0.013
M5 F3,8 = 6.881, p = 0.013 0.007 0.023

October Qu'Appelle arm M9 F3,8 = 8.976, p = 0.006 0.002
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Conclusions

Light and limiting nutrient supply need to be synchronized in order
to see substantial increases in phytoplankton biomass and GPP rates.
Therefore, lakes and reservoirs should not be managed explicitly for nu-
trients; light should be an important factor also considered. For example,
Lake Champlain is globally known for its toxic algal blooms (Smeltzer
et al., 2012), and has very similar open-water TP concentrations
(~0.65 μmol L−1; Smeltzer et al., 2012) as Lake Diefenbaker
(0.71 μmol L−1); however, there has been a general trend of increasing
Secchi disk depths over the past four decades, which are currentlymuch
deeper (~5 m; Smeltzer et al., 2012) than Lake Diefenbaker (3 m;
Table 3). This example highlights the need to be cognizant of factors af-
fecting the underwater light environment, as was the case involving
filter-feeding dreissenid mussels in Lake Champlain. In LD, physical
and biological factors influencing light include SSR flow and the compo-
sition of particulate matter and suspended sediments within it, changes
in wind patterns, stratification regime and mixing dynamics, and reser-
voir residence times. Improvements in light conditions related to SSR
flow are predicted, based on climate change projections of reduced
flow (which carries the majority of the particulate load; Tanzeeba and
Gan, 2012), resulting in a decline in inorganic turbidity, as also speculat-
ed by Vogt et al. (2015). As well, efforts to reduce particulate loads from
agricultural lands upstream could have an additive effect of changing
the light environment, in addition to potentially increasing bioavailable
nutrient concentrations as evidenced in the Lake Erie watershed (Joosse
and Baker, 2011).

This comprehensive examinationof the complex interactions among
light, turbidity, and nutrients in a large prairie reservoir support the
light:nutrient ratio hypothesis in lakes (Sterner et al., 1997).We identi-
fied and isolated the variousmechanisms affecting these limiting factors
and their interactions. We also demonstrated the implications for gross
primary productivity and biomass accrual, making this study a novel
contribution to the literature.
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