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Abstract 31 

Globally, hydrological connectivity between rivers and their floodplains has been reduced by 32 

river flow management and land transformation. The Saskatchewan River Delta is North 33 

America’s largest inland delta and a hub for fish and fur production. To determine the influence 34 

of connectivity on limnology within this northern floodplain, water chemistry and stable isotopes 35 

(δ
18

O and δ
2
H) were analyzed during the winter of 2014 in 26 shallow lakes along a hydrological 36 

gradient. A total of five lake connectivity categories were determined by optical remote-sensing 37 

images of surface water coverage area from years of varying flood intensities. Accuracy of 38 

categories were verified by degree of 
18

O and 
2
H enrichment within lakes. Both isotopes showed 39 

marked successional enrichment between connectivity categories with more isolated lakes 40 

exhibiting greater enrichment. Water chemistry in lakes with greater connectivity to the main 41 

channel were characterized by higher pH, dissolved oxygen, nitrates and sulfates, and lower total 42 

nitrogen, total phosphorus,  and ammonium, compared to more isolated lakes. These findings 43 

illustrate how connectivity influences water chemistry in northern floodplain lakes and how it 44 

might determine the suitability of these lakes as winter refuge for fishes. Additionally, our study 45 

provides supporting evidence for the effective use of optical remote sensing imagery, an 46 

inexpensive and accessible source of data for researchers, when determining connectivity 47 

characteristics of large northern floodplain systems.  Additionally, this study provides further 48 

evidence that the inundation of floodplain lakes by river water during peak discharge has an 49 

impact on the conditions within the lakes long into the winter ice-cover season. Understanding 50 

the year-round influence of river-floodplain connection is imperative for assessing potential 51 

impacts of climate change and future water regulation on such ecosystems.  52 

Key words: floodplains; connectivity; isotopes; remote sensing; nutrients; winter; dams   53 
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Introduction 54 

Floodplains are among the most productive and threatened ecosystems on earth. As a result 55 

of anthropogenic river flow management and land transformation, 90% of floodplains within 56 

North America have become functionally extinct (Tockner and Stanford 2002). The most 57 

characteristic process within a river-floodplain system, the flood pulse, is a key driver of the high 58 

biodiversity and seasonal productivity observed in these disturbance-dominated environments 59 

(Welcomme 1979; Junk et al. 1989; Tocker and Stanford 2002). Yearly and seasonal variability 60 

in river-discharge creates a mosaic of limnological conditions throughout the floodplain 61 

(Tockner et al. 2000; Amoros and Bornette 2002). The properties of a pulse event, including 62 

amplitude, duration, frequency and magnitude, combines with the degree of lateral connection a 63 

site has to the main channel to ultimately shape the biotic and abiotic properties within off-64 

channel habitat (Junk et al., 1989; Wolfe et al., 2007; Sokal et al., 2008; 2010). Due to the spatial 65 

heterogeneity and sheer breadth of floodplain valleys, connectivity classes are often created for 66 

water bodies within a river-floodplain system, with each class possessing a characteristic set of 67 

limnological and ecological conditions (Tockner et al. 2000; Wolfe et al. 2007; Sokal et al. 2008; 68 

2010; Brock et al. 2009). Within-class variation also exists even in the absence of overbank 69 

flows as a result of subsurface connection by hyporheic exchange (Mertes 1997; Tockner et al. 70 

2000) and surface connection through levee breaks and small channels (Brock et al 2007; Sokal 71 

et al. 2008) that maintain some degree of influence from the main channel on limnological 72 

conditions. 73 

During inundation from a pulse event, floodwaters from the river overflow the banks, 74 

inundating floodplain habitat and homogenizing the limnological features of floodplain water 75 

bodies to conditions more characteristic of the main channel (Thomaz et al. 2007). River water 76 
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that typically carries higher levels of sediment and greater concentrations of most nutrients, 77 

mixes with flood-connected lake water that often has high concentrations of organic detritus and 78 

algal biomass, ultimately introducing nutrients into the usually autogenic system of a floodplain 79 

lake. After floodwaters begin to recede and connection to the main channel is severed, floodplain 80 

lakes begin to take on local characteristics (Junk and Wantzen 2004; Pithart et al. 2007; Thomaz 81 

et al. 2007; Wantzen et al. 2008; Wiklund et al. 2012). Local processes within individual water 82 

bodies, such as overland flow from rainfall or snowmelt, seepage from local aquifers or other 83 

subsurface water sources, and sedimentation begin to impact the physical and chemical 84 

conditions of a disconnected lake (Thomaz et al. 2007). If off-channel waterbodies become 85 

isolated from flood-waters for a significant amount of time, the local processes mentioned above, 86 

along with evaporative enrichment, create isolated water bodies that have higher water clarity, 87 

dissolved organic carbon (DOC), total nitrogen (TN), and bio-available nutrients (Sokal et al. 88 

2010; Wiklund et al. 2012).  89 

Accurately assessing the hydrological connectivity gradient of a river-floodplain system is 90 

imperative in order to determine its impact on off-channel limnology. More conventional 91 

methods for determining connectivity of off-channel habitats include physical assessment of 92 

floodplain topography (Gibson et al. 1996; Peters 2003) and monitoring of water balances 93 

(Mackay 1963; Marsh and Hey 1989), both heavily field-intensive methods. An alternative 94 

method, optical remote sensing, has proven successful in monitoring floodplain inundation in 95 

many tropical (Hess et al. 2003; Ward et al 2013; 2014) and temperate (Pavelsky and Smith 96 

2009; van de Wolfshaar et al. 2011; Long and Pavelsky 2013) systems. Optical remote sensing, 97 

however, can be limited by dense vegetation, smoke, and cloud cover, as they can obscure image 98 

clarity. This limitation, along with the high cost of accessing microwave remote sensing images 99 
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that can penetrate many obstructions, calls for combined approaches.  On-ground spot 100 

measurements of stable isotopes of hydrogen (δ
2
H) and oxygen (δ

18
O) have been shown to be a 101 

cost-effective and accurate method for assessing connectivity within a floodplain system because 102 

evaporative enrichment occurs in lakes less frequently inundated, leading to greater 103 

concentrations of the heavy isotopes. This method proved to be effective for two large Canadian 104 

deltaic systems (Slave River Delta and Peace-Athabasca Delta, PAD) in classifying basin-wide 105 

off-channel lake hydrology (Brock et al. 2007; Wolfe et al. 2007). Studies applying both remote 106 

sensing and stable isotope methods to assess connectivity classes of off-channel lakes have not 107 

been conducted within river-floodplain systems, and could prove effective in evaluating the 108 

accuracy of optical remote sensing in determining river-floodplain hydrology. 109 

In this study, we characterised connectivity and determined its influence on winter 110 

limnology within off-channel lakes and wetlands (hereafter referred to as lakes) of the 111 

Saskatchewan River Delta (SRD), a large and productive inland delta with a flood regime that 112 

has been altered by upstream river flow management (Sagin et al. 2015). Our overall aim was to 113 

evaluate the use of combined optical remote sensing and stable isotope methods to determine 114 

hydrological connectivity of large river floodplains, and better understand the influence of river 115 

flooding on limnology within these systems. First, we determined connectivity classes for SRD 116 

lakes using a series of optical remote-sensing images representing different flood stages for the 117 

SRD (Sagin et al. 2015). Next, we compared these classes with stable isotope composition 118 

measured in each of the lakes during winter. Finally, we tested for differences in the winter 119 

biogeochemistry of lakes in the different classes, including measurements of dissolved oxygen, 120 

nutrients, and algal biomass. We hypothesized that less connected lakes, as indicated by optical 121 

remote sensing images, would exhibit greater stable isotope enrichment within site water 122 
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samples. Additionally, we hypothesized that lakes within the same connectivity class would 123 

possess similar limnological characteristics, with classes of higher connectivity having 124 

characteristics more similar to the main channel.  125 

 126 

Methods 127 

Study Area 128 

The SRD is located at the Saskatchewan-Manitoba border (approx. 53°29’N; 100°37’W). 129 

The delta covers an area of 10,000 km² and is the largest active inland delta in North America, 130 

draining the North Saskatchewan River, the South Saskatchewan River, and their tributaries, an 131 

area of approximately 405,864 km². The SRD consists of two areas that are separated by The Pas 132 

Moraine: the upper delta, located primarily in Saskatchewan; and the lower delta, located in 133 

Manitoba. The delta is characterized by a mosaic of large and small river channels, fens, bogs, 134 

forests and numerous shallow wetlands and lakes (<3m depth). The SRD is located downstream 135 

of three large hydroelectric dams, the Gardiner Dam, Francois Finley Dam and E.B. Campbell 136 

Dam, that impact the natural flow regime downstream (Wheater and Gober 2013). Though flood 137 

peaks are smaller than those observed prior to dam construction in the 1960s, there is still 138 

sufficient flow in many years to cause inundation and connect off-channel lakes (Smith and 139 

Perez-Arlucea 2008).  140 

The SRD is highly seasonal in temperature, precipitation, and discharge. Temperatures 141 

reach as low as – 49.4°C in the winter (e.g. mean temperature December 2013 = -25.1°C) and as 142 

high as 37.6°C in the summer (e.g. mean temperature July 2013 = 17.8°C) (WMO ID: 71867; 143 

Environment Canada 2014). It receives an average of 450mm of precipitation annually with most 144 

rainfall occurring between June and August (peaking in July), and snowfall occurring between 145 
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November and March (peaking in December) (WMO ID: 71867; Environment Canada 2014).  146 

Due to contributions from snowmelt and later runoff from the Rocky Mountain headwaters, the 147 

SRD typically experiences both a spring and a summer flood event. River discharge within the 148 

SRD increases in mid-April during spring melt with a peak in late-April/early-May (historical 149 

mean spring peak discharge at station 05KD003 South Saskatchewan River below Tobin Lake = 150 

~650 m
3
/s; Environment Canada 2014). After spring peak, water levels continue to drop until 151 

mid-June when rain on snow events in the Rocky Mountains trigger runoff that soon reaches the 152 

SRD. Summer river discharge is often greater than spring discharge (historical mean summer 153 

peak discharge at station 05KD003 = ~870 m
3
/s; Environment Canada 2014) causing more 154 

extensive flooding in the delta with a peak in late-June/early-July. Prior to our sampling in winter 155 

2014, a large flood event occurred within the SRD in 2013, with spring and summer river 156 

discharge much greater compared to the historical average (spring peak discharge at station 157 

05KD003 = 1690m
3
/s; summer peak discharge at station 05KD003 = 3640m

3
/s; Environment 158 

Canada 2014). As a result of such large flood events, an extensive amount of the historically 159 

connected floodplain within the SRD was inundated (Sagin et al. 2015).  160 

 161 

Remote sensing 162 

Water coverage data for the SRD were obtained using optical remote sensing images as 163 

described in Sagin et al. (2015). A combination of Landsat, Spot, and RapidEye images were 164 

used to determine surface water coverage area (SWCA) during flood events of varying 165 

magnitudes.  Landsat data were obtained from the United States Geological Survey (USGS) 166 

Earth Resources Observation and Science Center’s (EROS) Global Visualization Viewer 167 

(GLOVIS, http://glovis.usgs.gov/), SPOT data were obtained from the Alberta Terrestrial 168 

Page 7 of 42
C

an
. J

. F
is

h.
 A

qu
at

. S
ci

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

U
ni

ve
rs

ity
 o

f 
Sa

sk
at

ch
ew

an
 o

n 
09

/1
6/

15
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.

 T
hi

s 
Ju

st
-I

N
 m

an
us

cr
ip

t i
s 

th
e 

ac
ce

pt
ed

 m
an

us
cr

ip
t p

ri
or

 to
 c

op
y 

ed
iti

ng
 a

nd
 p

ag
e 

co
m

po
si

tio
n.

 I
t m

ay
 d

if
fe

r 
fr

om
 th

e 
fi

na
l o

ff
ic

ia
l v

er
si

on
 o

f 
re

co
rd

. 



 

 
 

8 

 

Imaging Center (ATIC), and RapidEye data were purchased from BlackBridge Geomatics. For 169 

greater resolution, datasets during days with minimal cloud cover were targeted for map 170 

production. SWCA maps were created using a surface water extraction coverage area tool 171 

(SWECAT: Sagin et al. 2015). SWECAT was developed by extracting SWCA for flood events 172 

from Landsat, and comparing them to Canadian National Hydro Network, SPOT and RapidEye 173 

SWCA datasets during a similar timeframe to verify results. Comparison of SWCA derived from 174 

Landsat images for three flood events (moderate flood, high flood, extreme flood) to those 175 

obtained from RapidEye and SPOT showed good agreement, with less than 7% difference in 176 

SWCA (Sagin et al. 2015).  177 

SWCA maps of flood events of varying flood frequencies were layered to produce a 178 

system-wide map displaying the connectivity gradient for a 1315 km
2
 study area within the upper 179 

delta (Figure 1). This map was then used to manually select connectivity categories for lakes 180 

within the delta. Only when a connection pathway of a lake to a main channel or side channel 181 

was apparent was it classified as connected. An increase in size of a lake without a clear 182 

connection pathway was insufficient to classify it as connected due to the potential influence of 183 

local precipitation, over-land runoff, and groundwater infiltration. SRD lakes were classified into 184 

five categories based on their connection during different river discharges (drought = <350 185 

m
3
/sec; low flood = 350-500 m

3
/sec: moderate flood 500-1000 m

3
/sec, high flood = 1000-2000 186 

m
3
/sec; extreme flood >2000 m

3
/sec). The remote sensing satellite maps obtained for different 187 

flood frequencies showed marked differences in SWCA and therefore degree of floodplain 188 

inundation and connectivity. All lakes that were connected to the river in an image from 6 189 

August 2001 when river discharge and SWCA was lowest (discharge= 327m
3
/sec; SWCA = 56 190 

km
2
) were classified as drought-connected. Low flood-connected lakes were based on an image 191 
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from 13 September 1990 (discharge= 422 m
3
/sec; SWCA = 89 km

2
) while moderate flood-192 

connected lakes were from 8 June 2005 (discharge= 1110 m
3
/sec; SWCA = 151 km

2
). The map 193 

for high flood-connected lakes was obtained using an image from 29 July 2011 (discharge= 1050 194 

m
3
/sec; SWCA = 178 km

2
). The image corresponding to the largest available flood was from 8 195 

July 2005 (discharge= 1810 m
3
/sec; SWCA = 289 km

2
) and used to categorize extreme flood-196 

connected lakes.  197 

 198 

Stable isotope hydrology 199 

Stable isotope compositions within local water bodies are generally dependent on two 200 

factors: source waters and evaporation. The local meteoric water line (LMWL) and the local 201 

evaporation line (LEL) ultimately constrain δ
2
H and δ

18
O. LMWL is dependent on summer and 202 

winter isotopic composition of precipitation, whereas LEL is dependent on the LMWL and local 203 

atmospheric conditions. For the SRD, a LMWL of δ
2
H = 7.7 x δ

18
O – 1.2 was used based on 204 

regional isotope composition of precipitation from 1990-2005 (Pham et al. 2009).  205 

To develop a LEL for the SRD, we analyzed δ
2
H and δ

18
O composition of floodwaters and 206 

wetlands in a spillway channel downstream of E.B. Campbell Dam from June to August 2013 207 

(Figure 2). During summer, when water levels in Tobin Lake reservoir (formed by E.B. 208 

Campbell Dam) begin to rise and discharge reaches the maximum capacity of the hydroelectric 209 

station, the spillway gates are opened to release excess water, inundating wetlands in the 210 

spillway channel. When the spillway is closed these wetlands immediately drain and disconnect, 211 

leaving shallow residual pools that slowly evaporate. The spillway wetlands were sampled 212 

monthly for isotopic composition in June (disconnected), July (connected) and August 213 

(disconnected) 2013 to envelop the inundation and isolation/evaporation phases and benchmark 214 
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our isotope data for lakes in the SRD that were filled by the same floodwaters. δ
2
H and δ

18
O 215 

values for spillway sites were plotted and a best-fit line determined to obtain a LEL for the SRD, 216 

using ordinary least squares regression (Figure 3a).  217 

 218 

Field sampling 219 

From early February to late March, 2014, a total of 26 SRD lakes of varying connectivity 220 

to the main channel were sampled (Figure 1). The 26 lakes were selected to ensure wide 221 

coverage within a 1315 km
2
 study area in the upper delta and included all five lake hydrological 222 

categories (drought-connected, n = 3; low-flood-connected, n = 6; moderate flood-connected, n = 223 

3; high flood-connected, n = 7; extreme flood-connected, n = 7). As much as possible, lakes were 224 

selected to ensure an approximately equal lake-surface area distribution among the five lake 225 

categories. 226 

At each site, holes were augured through the ice and water quality measurements were 227 

taken, including dissolved oxygen (DO), pH, turbidity, and conductivity, at mid depth using a 228 

YSI EXO2 Sonde at the center or perceived deepest part of each lake. Unfiltered surface-water 229 

samples were collected for water column chlorophyll (chl-a), total nitrogen (TN) and total 230 

phosphorus (TP) at each site in sterile 500ml Nalgene bottles. Filtered surface-water samples 231 

(0.45µm filter) for dissolved organic carbon (DOC), hydrogen and oxygen stable isotopes (δ
2
H, 232 

δ
18

O), nitrate-nitrite (NO3-NO2), ammonia-ammonium (NH3-NH4), and sulfate (SO4) were also 233 

collected at each site. All water samples were collected from 10cm below the water surface. 234 

Filtered samples for DOC were stored in amber polyethylene bottles, while samples for 235 

δ
2
H/δ

18
O, NO3, NH3-NH4, and SO4 were stored in 50ml Falcon tubes. All water samples, 236 

excluding δ
2
H/δ

18
O samples, were frozen at -20°C until further laboratory analysis. In addition to 237 
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water samples, physical measurements including ice thickness, snow depth, and lake depth were 238 

taken.  239 

To provide temporal information on water chemistry to complement our spatial study in 240 

winter, two of the lakes from the high flood-connected category (BMO5; Ben’s Lake; 53°56'N; 241 

103° 0'W; and BMO6; Cook Lake; 53°55’N; 102°58’W) and the main channel were also 242 

sampled monthly from May to September 2014 (Figure 2). One of these lakes (Ben’s Lake) and 243 

the main channel were also sampled prior to the winter sampling in August 2013, to provide a 244 

pre-winter sampling baseline immediately after the flood peak. Sampling methods for water 245 

column chl-a, TN, TP, DOC, NO3-NO2 and SO4, and pH, conductivity, and turbidity were as 246 

previously described. 247 

 248 

Laboratory Analysis 249 

Samples for δ
2
H and δ

18
O were stored at room temperature in the dark until they were 250 

analysed at Environment Canada’s National Hydrology Research Centre. Isotope ratios were 251 

analysed with a LGR DLT-100 OA-ICOS liquid water isotope analyzer coupled to a LC-PAL 252 

autosampler. Each sample was injected six times; the results of the first three injections were 253 

discarded to eliminate memory effect between samples. Two reference waters that isotopically 254 

bracket the sample values were included in each sample run. These references were previously 255 

calibrated with Standard Light Antarctic Precipitation (SLAP) and Vienna Standard Mean Ocean 256 

Water (VSMOW). Results are calculated based on a rolling calibration so that each sample is 257 

calibrated by the three standards run closest in time to that of the sample. 258 

Water samples were analyzed for TN, TP, DOC, chl-a, SO4, NO3-NO2, and NH3-NH4, 259 

using conventional techniques. TN and TP samples were analyzed using techniques outlined by 260 
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Parson et al. (1984), Crumpton et al. (1992) and Bachmann and Canfield (1996). Following 261 

persulfate digestion, TN was measured by second-derivative spectroscopy analyses. TP samples 262 

were analyzed following treatment with a reagent containing molybic acid, ascorbic acid and 263 

trivalent antimony; the resulting blue TP solution was measured at 885 nm. DOC was analyzed 264 

using an automated Shimadzu TOC-V C, P and N analyzer. Water column chl-a samples were 265 

analysed using a Turner Trilogy
 
fluorometer following a 7 minute digestion in 90% EtOH at 266 

80°C. Sulfate was analyzed by Method SUL-001-A (based on ASTM method D516-90, 02 and 267 

standard methods 426C 16
th

 Ed), a turbidometric analysis where sulfate is converted to a barium 268 

sulfate suspension and turbidity determined at 420nm (minimum detectable limit = ~1 269 

mg/L). Nitrate-nitrite were analysed colorometrically following reduction of nitrate to nitrite 270 

(cadmium reduction) using Smartchem method NO3-001-A (based on EPA method 353.2, rev. 2 271 

and standard. methods 4500 NO3F), with a range of 0.02-2mg N/L. NH3-NH4 was analysed 272 

colorometrically by the phenol-hypochlorite method  (EPA 350.1) with a range of 0.01-2mg/L. 273 

All SO4, NO3-NO2, and NH3-NH4 samples below the detectable limit of their associated analyzer 274 

were reported as half the value of the minimum detection limit. 275 

 276 

Data analysis 277 

To assess the utility of remote-sensing based-classifications of connectivity, we tested for 278 

differences in δ
2
H and δ

18
O values within different lake categories. We used a Multivariate 279 

Analysis of Variance (MANOVA) with δ
2
H and δ

18
O values as the dependent variables and 280 

connectivity class as the independent variable. To elucidate potential conditions that may be 281 

impacted by the degree of connectivity to the river, a MANOVA was used to compare multiple 282 

independent variables (DO, TN, TP, DOC, chl-a, SO4, NO3-NO2, NH3-NH4, turbidity, pH, and 283 
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conductivity) of the sampled lakes among connectivity categories as the independent variable. In 284 

addition to the MANOVA, a principle component analysis (PCA) was used to assess differences 285 

in limnological conditions among the five lake connectivity categories and to determine which 286 

variables were correlated. PCA was performed using the statistical program R. Prior to statistical 287 

analysis, all variables were assessed visually for normality using histograms and Q-Q plots with 288 

the computer program SPSS Statistics 22 (IBM Ireland); equal variance for variables between 289 

connectivity was assessed using Levene’s test. Appropriate transformations were applied to the 290 

dataset when necessary to create normality and to equalize variance. Normality and homogeneity 291 

of variance were achieved for all variables except NO3-NO2, and NH3-NH4. This included 26 292 

sites (drought-connected, n = 3; low flood-connected, n = 6; moderate flood-connected, n = 3; 293 

high flood-connected, n = 7; extreme flood-connected, n = 7) for TN, TP, DOC, chl-a, SO4, 294 

NO3-NO2, and NH3-NH4; and 24 sites (drought-connected, n = 3; low flood-connected, n = 6; 295 

moderate flood-connected, n = 3; high flood-connected, n = 5; extreme flood-connected, n = 7) 296 

for DO, turbidity, pH and conductivity. Differences among categories in the MANOVA were 297 

compared post-hoc with a Tukey’s HSD test. All statistical analyses were conducted using SPSS. 298 

 299 

Results 300 

Stable isotope hydrology 301 

Hydrogen and oxygen stable isotope values of floodwaters from sites upstream of the SRD 302 

ranged from -17.8 to -16.5‰ for δ
18

O and -144.8 to -133.3‰ for δ
2
H, while those for the 303 

isolated spillway channel wetlands ranged from -17.5 to -13.9‰ for δ
18

O and -139.3 to -125.0‰ 304 

for δ
2
H (Figure 3a).  Combining these values created the LEL (equation1; r

2
 = 0.83, p <0.001; 305 

Figure 3a). 306 
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δ
2
H = 3.97 x δ

18
O – 68.87       (1) 307 

Isotopic values for the SRD samples collected between February and March of 2014 during the 308 

ice-covered season differed among connectivity categories (Figure 3b). These data followed a 309 

trend line of δ
2
H = 5.76 x δ

18
O - 39.46 (r

2
 = 0.96, p <0.001, Figure 3b), which generally followed 310 

that of the expected LEL, confirming a common water source (Saskatchewan River floodwaters) 311 

for these lakes. Lakes in the more isolated connectivity categories (high flood-connected, 312 

extreme flood-connected) were typically located further along the LEL compared to lakes that 313 

were more often connected (drought-connected, low flood-connected), suggesting greater 314 

evaporative enrichment in more isolated lakes. Comparatively, waters from drought-connected 315 

lakes were in close proximity to the LMWL, with minimal evaporative enrichment and isotopic 316 

composition more similar to that of the source water. Isotopic composition of water varied 317 

significantly between connectivity categories for both δ
2
H (p = 0.003), and δ

18
O (p = 0.002). As 318 

shown in Table 2, δ
2
H values for drought-connected lakes had significantly lower isotopic 319 

signatures compared with high flood-connected (p = 0.005) and extreme flood-connected lakes 320 

(p = 0.010), and δ
18

O showed similar patterns, with drought-connected lakes having significantly 321 

lower values compared to high flood-connected (p = 0.003) and extreme flood-connected lakes 322 

(p = 0.004).  323 

 324 

Water chemistry and nutrients 325 

Limnological conditions varied greatly among the floodplain lakes of the SRD. Turbidity 326 

(range = 1.0-39.0 NTU), pH (range = 7.04-8.77), and conductivity (range = 288-1840 µS) all had 327 

large among-site variation. Lake DO levels varied from anoxic (0.4 mg/L O2) to near saturation 328 

(12.0 mg/L O2) depending on the lake sampled. Concentrations of all nutrients ranged from 329 
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oligotrophic to eutrophic conditions, with TN (range = 446-6480 µg/L), TP (range = 7-874 330 

µg/L), DOC (range = 0-49.1 mg/L), NO3-NO2 (range = 0-0.40 mg/L), NH3-NH4 (range = 0.01-331 

3.69 mg/L), and SO4 (range = 6.88-72.81 mg/L) all showing large among-lake variation. 332 

Corresponding chl-a levels also ranged widely from very low (0.3 µg/L) to very high (28.6 333 

µg/L).  334 

Limnological conditions of floodplain lakes significantly differed among the five 335 

connectivity categories (Figure 4). DO, pH, NO3-NO2, and SO4 were all significantly influenced 336 

by connectivity to the river (p < 0.05). As connectivity to the main channel decreased, we 337 

observed decreasing DO (p = 0.019), pH (p = 0.030), NO3-NO2 (p < 0.001), and SO4 (p <0.001). 338 

DO levels were highest in drought-connected lakes (mean = 10.2±2.8 mg/L) and declined to 339 

minimal levels in all other categories, with the only exception being SRD13 which was a high 340 

flood-connected lake and possessed oxygen levels more characteristic of drought-connected 341 

lakes. As shown in Table 2, there were significantly higher DO levels within drought-connected 342 

compared to moderate flood-connected (p = 0.040) and extreme flood-connected lakes (p = 343 

0.013). The pH was highest in drought-connected lakes (mean = 8.39±0.36) with a gradual 344 

decrease in pH as connectivity declined, with drought-connected lakes having significantly 345 

higher pH than moderate flood-connected (p = 0.032) and extreme flood-connected (p = 0.028) 346 

lakes. NO3-NO2 concentrations were also highest in drought-connected lakes (mean = 0.35±0.08 347 

mg/L) then quickly decreased in the low flood-connected category and above. For this variable, 348 

there was significant separation between drought-connected and all other connectivity categories 349 

(p < 0.005 for all comparisons), with low flood-connected being the only other category with 350 

mean values (0.11±0.16 mg/L) not bordering the minimum detection limit of 0.02 mg/L. SO4 351 

concentrations were highest in drought-connected lakes (mean = 66.37±5.63 mg/L) and 352 
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decreased as connectivity declined. Similar to NO3-NO2 concentrations, there was significant 353 

separation between drought-connected lakes and all other connectivity categories for SO4 (low 354 

flood-connected, mean = 33.97±22.99 mg/L; p = 0.028; moderate flood-connected, mean = 355 

8.20±0.67 mg/L, p < 0.001; high flood-connected, mean = 16.36±12.52 mg/L, p < 0.001; 356 

extreme flood-connected, mean = 17.92±9.33 mg/L, p = 0.001). TN, TP, and NH3-NH4 tended to 357 

be higher in less-connected lakes but these differences were not significant (TN, p = 0.059; TP, p 358 

= 0.092; NH3-NH4, p = 0.096). There were no differences among connectivity categories for 359 

turbidity (p = 0.164), conductivity (p = 0.300), chl-a (p = 0.616), DOC (p = 0.277), snow depth 360 

(p = 0.123), ice thickness (p = 0.992), and lake depth (p = 0.191). 361 

PCA for the winter limnological data indicated that water chemistry and isotopes for the 362 

lakes of the SRD differed among lake connectivity categories (Figure 5). Eigenvalues were 363 

51.9% for the first axis and 18.5% for the second axis, and explained a large amount of variation 364 

within the dataset (70.4%). Dissolved oxygen, pH, NO3, and SO4 were positively correlated to 365 

the first axis, while nutrients (TN, TP, NH3-NH4), chl-a, conductivity, and turbidity were 366 

negatively correlated to the first axis. DOC was negatively correlated with axis 2, while δ
18

O and 367 

δ
2
H was negatively associated with both axes 2 and 1. All drought-connected lakes and two of 368 

the low flood-connected lakes plotted high on axis 1 characterized by high DO, pH, NO3, and 369 

SO4 (Figure 5).  The remaining low flood-connected lakes and moderate flood-connected lakes 370 

plotted low on axis 1 characterized by high nutrients, chl-a, conductivity, and turbidity. High 371 

flood and extreme flood-connected lakes had a wide range along axis 1 and were relatively low 372 

compared to the other lake categories along axis 2, indicative of greater δ
18

O, δ
2
H, and DOC 373 

concentrations.  374 
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TN, TP, SO4, chl-a, DOC, turbidity, and conductivity all showed variation among seasons 375 

for the two high flood-connected lakes (Ben’s and Cook Lake, Table 1). Highest values were 376 

observed during the winter sampling event for TN, TP, SO4, chl-a, DOC, turbidity, and 377 

conductivity. The lowest levels were observed during the 2014 summer months for TN, TP, SO4, 378 

chl-a, DOC, turbidity, and conductivity. pH was variable over the sampling period, with no 379 

consistent seasonal differences.   380 

 381 

Discussion 382 

The degree of connection to the main channel for floodplain lakes within the SRD was 383 

associated with distinct limnological conditions within lakes. Connectivity to the main channel 384 

influenced the degree of isotope enrichment as well as pH, DO and the concentrations of many 385 

nutrients. Our findings are in agreement with similar studies done in large northern floodplain 386 

systems (Wolfe et al. 2007; Sokal et al. 2008; 2010; Wiklund et al. 2012) that show highly 387 

connected lakes possess similar characteristics as the parent river. Connected floodplain lakes are 388 

greatly influenced by the existing conditions in the main channel, whereas isolated lakes are 389 

more impacted by local precipitation, evaporation, and other environmental processes. As a 390 

result, this gradient of limnological conditions for lakes within the SRD floodplain forms the 391 

foundation of biogeochemical diversity in this important northern delta. 392 

Determining connectivity can often involve a substantial amount of field research 393 

physically analyzing local topography and water balances. As a result, many researchers have 394 

begun to use a combination of desktop and on-ground methods in order to accurately determine 395 

the connectivity of floodplain lakes (e.g. Wolfe et al. 2007; van de Wolfshaar et al. 2011, Ward 396 

et al. 2013). Stable isotope composition of water samples from lakes within the SRD during the 397 
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winter following a large summer flood event (2013-2014), provided an effective validation of 398 

classifications based on remote sensing. Lakes with greater connection to the main channel 399 

showed minimal 
2
H and 

18
O enrichment, whereas more isolated lakes exhibited marked 

2
H and 400 

18
O enrichment. This pattern was also observed within the PAD (Wolfe et al. 2007), and the 401 

Slave River Delta (Brock et al 2007; 2009). The five connectivity classes determined by optical 402 

remote sensing in our study generally showed good agreement with the isotope data (Figure 3b), 403 

providing evidence for the effectiveness of remote sensing as a cost-effective tool for making 404 

initial classifications.  405 

Although there was considerable agreement between isotopic enrichment and remotely-406 

sensed connectivity, not all lake categories showed clear separation isotopically because of 407 

considerable variation within categories. Lakes of the high flood-connected category ranged 408 

widely in isotopic composition compared to other lake categories, with low values neighbouring 409 

low flood-connected lakes and high values neighbouring extreme flood-connected lakes. Isotopic 410 

values outside of those expected based on their connectivity categories derived from remote 411 

sensing data could be attributed to many factors; these include overhanging vegetation that can 412 

obscure lake-river connections in remote sensing images leading to incorrect classification, 413 

variation in the influence of subsurface lake-river connection leading to unexpected 414 

replenishment of isotopically depleted waters, and/or degree of macrophyte/physical cover 415 

reducing evaporation within lakes. As previously reported by Brock et al. (2009), isotopic 416 

composition of floodplain lakes is driven by hydrology more than lake size; therefore, the 417 

deviation of isotopic values from expected values in the aforementioned sites is not likely a 418 

result of variation in lake size.  Snow melt can be a significant isotopic input, with the degree of 419 

snowmelt input being driven by lake catchment size and snowpack density (Brock et al. 2007). 420 
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However, since our site sampling was done during winter prior to snowmelt, the impact of 421 

snowmelt on isotopic composition of lakes would be minimal. Additionally, the majority of 422 

isotope data points for the SRD plotted above the LEL. This occurs as a result of greater 423 

precipitation input, whereas data points below the LEL result from greater snowmelt input 424 

(Wolfe et al. 2007). This further reinforces our expectation that the main water input into the 425 

lakes of the SRD was floodwaters derived largely from precipitation in the basin’s headwaters in 426 

2013 (Wheater and Gober 2013).  427 

The limnological conditions within floodplain lakes of the SRD depended on their degree 428 

of connectivity, as has been observed in both the PAD (Wolfe et al. 2007; Wiklund et al. 2012) 429 

and the Slave River Delta (Brock et al. 2007; Sokal et al. 2008; 2010). Lakes of the SRD with 430 

greater connectivity to the main channel possessed characteristics similar to that of the main 431 

channel (higher levels of dissolved oxygen, pH, NO3-NO2, and SO4). The higher DO levels in 432 

lakes of greater connectivity may be attributable to permanent direct exchange with the river 433 

during the winter months. This exchange assists in maintaining oxygen levels near saturation at 434 

levels suitable for fish (Mathias and Barica 1980) despite the potentially high respiration rates 435 

within these lakes due to decomposition of organic matter (Molles et al. 1998). As less connected 436 

lakes are not replenished by oxygen-rich river water, oxygen levels within such lakes become 437 

depleted during ice cover. Rates of under-ice oxygen consumption in northern lakes during 438 

winter months are a function of mean depth and nutrient levels (Barica and Mathias 1979; 439 

Mathias and Barica 1980; Babin and Prepas 1985). Our SRD lakes did not differ in depth across 440 

connectivity categories, but lakes of mid-range connectivity did have higher water column 441 

nutrient levels compared to highly connected lakes. With eutrophic lakes experiencing O2 442 

consumption rates that are 3 times higher than oligotrophic lakes (Mathias and Barica 1980), the 443 
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low oxygen levels within less connected lakes could be attributed to higher nutrient 444 

concentrations. It could also be explained by their initial dissolved oxygen storage. Lakes of 445 

higher connectivity maintain direct exchange with oxygen-rich river water longer into the ice-446 

free season than lakes of less connectivity, potentially resulting in greater DO concentrations at 447 

the time when ice forms on the lakes. Assuming a constant rate of DO depletion across lakes, 448 

lakes with greater oxygen concentrations prior to ice cover will maintain higher concentrations 449 

throughout the winter (Barica and Mathias 1979). Similarly, timing of ice cover formation will 450 

also influence DO concentrations into the winter. If lakes of higher connectivity remain ice-free 451 

later into the season because direct connection with the main channel slows ice formation, 452 

atmospheric oxygen exchange will also be maintained longer.  453 

TN, TP, and NH3-NH4 also appeared to be influenced by connectivity, however not to a 454 

significant degree. Highly connected lakes, with close association to river water, remained 455 

consistently low in TN and TP throughout the study period (Figure 4), indicative of oligotrophic 456 

conditions (Smith et al. 1999).  The higher levels of nutrients in less connected lakes suggests 457 

nutrient flux into these lakes is not solely derived from the parent river, and that flooding may 458 

not be required in order to maintain high nutrient levels. This is consistent with findings from the 459 

Slave River Delta and the PAD (Sokal et al. 2008; Wiklund et al. 2012), though these 460 

conclusions were based on findings from concentrations of bio-available nutrients, not TN and 461 

TP. The floodplain itself may be a source of nutrients for the lakes. In river floodplains, leaf 462 

litter, vegetation, and sediment are capable of providing significant nutrients and organic matter 463 

to adjacent aquatic systems (Fisher and Likens 1973; Cuffney 1988; Ostojić et al. 2013), and are 464 

an essential part of nutrient cycling in river floodplain systems (Baldwin 1999; Inglett et al. 465 

2008). Although highly connected lakes inundate their surrounding terrestrial zone during times 466 
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of peak river flow, nutrients that do enter the lakes have greater potential to be diluted or flushed 467 

out of the lakes by nutrient-poor river water. Additionally, as the surrounding terrestrial zones of 468 

infrequently flooded lakes have been exposed to the atmosphere for a greater amount of time and 469 

are highly organic (Molles et al. 1998; Sokal et al. 2010), we postulate that inundation of these 470 

areas releases a greater amount of nutrients compared to the terrestrial zone of more connected 471 

lakes. The peaks in TP and chlorophyll in intermediate connectivity lakes appear to imitate 472 

patterns expected for floodplain biodiversity. In riverine systems, high species diversity is 473 

expected for habitats of intermediate disturbance (Amoros and Bornette, 1999; Ward et al. 1999). 474 

Additionally, the high variation in nutrient concentrations, and the range of other limnological 475 

variables measured among lake connectivity categories may also contribute to the high 476 

biodiversity found within this delta as biota become adapted to exploit the various conditions 477 

found throughout the floodplain (Welcomme 1979; Junk et al. 1989; Ward et al. 1999). 478 

Characteristics of the parent river water, as influenced by erosion and deposition occurring 479 

upstream, dictates its role in supplying sediment and associated nutrients to floodplain lakes.  480 

Relatively low TN within the river water of the SRD (420-730 mg/L) was also observed for the 481 

PAD (240-820 µg/L; Wolfe et al. 2007) but our TP levels (mean TP May-Sept 2014 = 20 µg/L) 482 

were much lower compared to that delta (mean TP Oct 2000 = 84 µg/L; Wolfe et al. 2007). High 483 

TP levels within the rivers of the PAD are likely a result of the associated high suspended 484 

sediment load (mean TSS Oct 2000 > 150 mg/L; Wiklund et al. 2012), while the Saskatchewan 485 

River delivers less sediment to the SRD (mean TSS May-Sept 2014 = 6 mg/L). Phosphorus 486 

adsorbs to sediment particles to a larger degree compared to nitrogen (50-70% vs. 2-3%, Olde 487 

Venterink et al. 2006), and it is sediment-bound phosphorus that makes up the major pathway of 488 

supplementation to the floodplain for deltaic systems (Forsberg et. al 1988; Wolfe et al. 2007).  489 
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Retention of river sediment by Tobin Lake reservoir upstream of the SRD has been recorded as 490 

significant, reducing the sediment load from 9 x10
6
 t/year to less than 0.1 x 10

6
 t/year (Ashmore 491 

and Day 1988), and may explain P-depletion in downstream river water feeding the SRD. 492 

Phosphorus retention by reservoirs can be large (up to 90%), with higher retention of P than N 493 

(Kunz et al. 2011a; 2011b). Though the PAD has a large dam (Bennett Dam) in its headwaters, 494 

suspended sediments are largely derived from the lower reaches of these large continental rivers 495 

(Ashmore and Day 1988); thus, waters contained within upland reservoirs are likely sediment- 496 

and nutrient-poor, leading to limited impacts on nutrient levels downstream.  Conversely, the 497 

SRD has the potential to be significantly impacted by the influence of reservoirs (Lake 498 

Diefenbaker, Codette Lake and Tobin Lake) as they are located more immediately upstream of 499 

the delta (Ashmore and Day 1988). Low levels of phosphorus and comparatively higher levels of 500 

nitrogen in the SRD suggest potential disproportionate retention of nutrients by these reservoirs, 501 

with likely consequences for wetlands located downstream (Bosch 2008; Bosch and Allen 2008; 502 

Kunz et al. 2011a; 2011b).  503 

Time series data for the two rarely connected lakes (Ben’s Lake and Cook Lake) provided 504 

insight on how limnological conditions vary from mid-winter to the ice free season, and within 505 

the ice free season (~May-Sept). These lakes had high concentrations of TN and TP during the 506 

winter, and low levels during the spring and summer. During winter, when decomposition 507 

exceeds production, particularly for submerged macrophytes, there is little uptake of available 508 

nutrients; however, during the summer season, when productivity is very high within these 509 

disconnected lakes, there is a rapid uptake of available nutrients. High macrophyte cover is 510 

associated with decreased levels of nutrients and phytoplankton growth (Søndergaard & Moss 511 

1998; Rooney and Klaff 2003; Norlin et al. 2005) due to increased metabolic activity of 512 
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macrophytes and their inhibition of phytoplankton through competition for space and light 513 

(Søndergaard & Moss 1998; Wiklund et al. 2012). Less connected lakes also experience greater 514 

macrophyte growth compared to highly connected lakes (Sokal et al. 2010), and we observed 515 

extensive macrophyte beds in both Ben’s and Cook Lakes during the summer of 2014 (B. 516 

MacKinnon, personal observation). Lake-ice formation within floodplain lakes may also 517 

contribute to greater concentrations of nutrients and ions during winter months through 518 

cryoconcentration, or freeze-out. As ice forms, dissolved substances are excluded with 519 

efficiencies of up to 97% for some major ions, however exclusion is less efficient for nutrients, 520 

with TN and TP efficiencies around 53% and 60% respectively (Welch & Legault 1986). 521 

Although less efficient compared to ions, the excluded nutrients from ice can still lead to a 522 

significant increase in water column concentrations compared to levels prior to ice formation 523 

(Belzile et al. 2002). High chl-a concentrations during the low water stage for the SRD is 524 

consistent with findings within other floodplain systems (Knowlton & Jones 1997; Persic & 525 

Horvatic 2011; Mayora et al. 2013). However, high winter chl-a concentrations are not 526 

necessarily indicative of increased phytoplankton biomass, but instead could be driven by an 527 

increase in phytoplankton cellular chlorophyll content to maximize photosynthesis under 528 

significant ice-cover and low-light conditions (Hunter & Law 1981; Prézelin & Matlick 1983). 529 

Low light conditions in the lakes of the SRD are likely the limiting factor for phytoplankton 530 

during the winter months, as chlorophyll did not differ across lake connectivity categories and all 531 

lakes were underneath 50-100 cm of ice and an additional 50-100 cm of snow. 532 

The winter DO and ammonium levels experienced within floodplain lakes of the SRD, 533 

although nearing toxicity for many species, maintain levels capable of supporting some tolerant 534 

fish species. Since large, intolerant species are unlikely to inhabit these off-channel waterbodies 535 
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during the ice-cover season, these habitats may be used as winter refuge by tolerant species, 536 

similar to what has been observed in tropical floodplain systems (Chapman et al. 1996; Robb and 537 

Abrahams 2002; 2003). Additionally, future isolation of these off-channel lakes by reduction in 538 

river discharge could ultimately lead to intermittent, or even permanent, desiccation due to lack 539 

of hydrological recharge (Brock et al. 2007), and eliminating the potential for these lakes to act 540 

as winter habitat for aquatic species.  541 

Floodplain ecosystems provide essential habitat for a diverse array of biota, and can 542 

provide critical ecological and cultural services for local peoples. Northern floodplains are 543 

known to be greatly affected by upstream river impoundments that alter the natural flow regime 544 

of the river and disrupt the connection between the river and its floodplain (Prowse et al. 2002). 545 

For the SRD, in addition to alteration of the flow regime, the close proximity of the upstream 546 

impoundments to the delta also appears to affect nutrient concentrations in downstream river 547 

water. The retention of phosphorus-rich sediment has potentially decreased phosphorus levels 548 

downstream, lowering levels entering the floodplain lakes of the SRD. In addition to river 549 

impoundment, climate change is also projected to cause a reduction in both peak and total 550 

discharge within these systems (Wolfe et al. 2008), potentially leading to further disconnection 551 

between the floodplain and the main channel. Since our findings show the large effect inundation 552 

by river water has on the limnological conditions of floodplain lakes, further reduction in the 553 

connectivity of these lakes will ultimately impact nutrient and water quality dynamics within 554 

these ecosystems.  555 

 556 

 557 

 558 

Page 24 of 42
C

an
. J

. F
is

h.
 A

qu
at

. S
ci

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

U
ni

ve
rs

ity
 o

f 
Sa

sk
at

ch
ew

an
 o

n 
09

/1
6/

15
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.

 T
hi

s 
Ju

st
-I

N
 m

an
us

cr
ip

t i
s 

th
e 

ac
ce

pt
ed

 m
an

us
cr

ip
t p

ri
or

 to
 c

op
y 

ed
iti

ng
 a

nd
 p

ag
e 

co
m

po
si

tio
n.

 I
t m

ay
 d

if
fe

r 
fr

om
 th

e 
fi

na
l o

ff
ic

ia
l v

er
si

on
 o

f 
re

co
rd

. 



 

 
 

25 

 

Acknowledgements 559 

The authors thank Solomon Carriere, Gary Carriere, Renee Carriere, Michela Carriere, Kelvin 560 

Fiddler, Joe Carriere, Jordan Mihalicz, David Janz, Will Schenn, Derek Green, Kean Steeves, 561 

Iain Phillips, Kevin McCullum, Don Keeping, Marcy Bast, Rick West and Wade Bryson for 562 

assistance with field collections. As winter sampling conditions involved high winds and 563 

temperatures regularly below -30°C, without the help and assistance of everyone involved, this 564 

project could not have happened.  This research was funded by SaskPower and NSERC through 565 

the Collaborative Research and Development program. 566 

 567 

References 568 

Amoros, C. and Bornette, G. 1999. Antagonistic and cumulative effects of connectivity: a 569 

predictive model based on aquatic vegetation in riverine wetlands. Large Rivers 11: 311–570 

327. 571 

Amoros, C., and Bornette, G. 2002. Connectivity and bio-complexity in water bodies of riverine 572 

floodplains. Freshwater Biology 47: 761-776. 573 

Ashmore, P.E. and Day, T.J. 1988. Spatial and temporal patterns of suspended sediment yield in 574 

the Saskatchewan River basin. Canadian Journal of Earth Sciences 25: 1450-1463. 575 

Babin, J. and Prepas, E.E. 1985. Modelling Winter Oxygen Depletion Rates in Ice-Covered 576 

Temperate Zone Lakes in Canada. Canadian Journal of Fisheries and Aquatic Sciences 577 

42: 239-249. 578 

Bachmann, R. W., and Canfield Jr, D. E. 1996. Use of an alternative method for monitoring total 579 

nitrogen concentrations in Florida lakes. Hydrobiologia 323: 1−8. 580 

Page 25 of 42
C

an
. J

. F
is

h.
 A

qu
at

. S
ci

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

U
ni

ve
rs

ity
 o

f 
Sa

sk
at

ch
ew

an
 o

n 
09

/1
6/

15
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.

 T
hi

s 
Ju

st
-I

N
 m

an
us

cr
ip

t i
s 

th
e 

ac
ce

pt
ed

 m
an

us
cr

ip
t p

ri
or

 to
 c

op
y 

ed
iti

ng
 a

nd
 p

ag
e 

co
m

po
si

tio
n.

 I
t m

ay
 d

if
fe

r 
fr

om
 th

e 
fi

na
l o

ff
ic

ia
l v

er
si

on
 o

f 
re

co
rd

. 



 

 
 

26 

 

Baldwin, D.S. 1999. Dissolved organic matter and phosphorus leached from fresh and 581 

“terrestrial” aged river gum leaves: implications for assessing river-floodplain 582 

interactions. Freshwater Biology 41: 675–685. 583 

Barica, J. and Mathias, J.A. 1979. Oxygen depletion and winterkill risk in small prairie lakes 584 

under extended ice cover. Journal of Fisheries Research Board of Canada 36: 980-986. 585 

Belzile, C., Gibson, J.A.E., Vincent, W.F. 2002. Colored dissolved organic matter and dissolved 586 

organic carbon exclusion from lake ice: Implications for irradiance transmission and 587 

carbon cycling. Limnology and Oceanography 5: 1283–1293. 588 

Bosch, N. S. 2008. The influence of impoundments on riverine nutrient transport: An evaluation 589 

using the Soil and Water Assessment Tool. Journal of Hydrology 355: 131–147. 590 

doi:10.1016/j.jhydrol.2008.03.012. 591 

Bosch, N. S., and Allan, J. D. 2008. The influence of impoundments on nutrient budgets in two 592 

catchments of Southeastern Michigan. Biogeochemistry 87: 325–338. 593 

doi:10.1007/s10533-008-9187-6. 594 

Brock, B.E., Wolfe, B.B., and Edwards, T.W.D. 2007. Characterizing the hydrology of shallow 595 

floodplain lakes in the Slave River Delta, NWT, using water isotope tracers. Arctic, 596 

Antarctic and Alpine Research 39: 388–401. 597 

Brock, B.E., Yi, Y., Clogg-Wright, K.P., Edwards, T.W.D., and Wolfe, B.B. 2009. Multi-year 598 

landscape-scale assessment of lakewater balances in the Slave River Delta, NWT, using 599 

water isotope tracers. Journal of Hydrology 379: 81–91. 600 

Chapman, L. J., Chapman, C. A., and Chandler, M. 1996. Wetland ecotones as refugia for 601 

endangered fishes. Biological Conservation 78: 263-270. 602 

Connell, J.H. 1978. Diversity in tropical rain forests and coral reefs. Science 199: 1302–1310. 603 

Page 26 of 42
C

an
. J

. F
is

h.
 A

qu
at

. S
ci

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

U
ni

ve
rs

ity
 o

f 
Sa

sk
at

ch
ew

an
 o

n 
09

/1
6/

15
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.

 T
hi

s 
Ju

st
-I

N
 m

an
us

cr
ip

t i
s 

th
e 

ac
ce

pt
ed

 m
an

us
cr

ip
t p

ri
or

 to
 c

op
y 

ed
iti

ng
 a

nd
 p

ag
e 

co
m

po
si

tio
n.

 I
t m

ay
 d

if
fe

r 
fr

om
 th

e 
fi

na
l o

ff
ic

ia
l v

er
si

on
 o

f 
re

co
rd

. 



 

 
 

27 

 

Crumpton, W. G., Isenhart, T. M., and Mitchell, P. D. 1992. Nitrate and organic N analyses with 604 

second derivative spectroscopy. Limnology and Oceanography 37: 907−913. 605 

Cuffney, T.F. 1988. Input, movement and exchange of organic matter within a subtropical 606 

coastal blackwater river-floodplain system. Freshwater Biology 19: 305–320. 607 

Gibson, G.R., M.T. Barbour, J.B. Stribling, J. Gerritsen, and Karr, J.R. 1996. Biological criteria: 608 

Technical guidance for streams and small rivers (revised edition). U.S. Environmental 609 

Protection Agency, Office of Water, Washington, D. C. EPA 822-B-96-001. 610 

Fisher, S.G., and Likens, G.E. 1973. Energy flow in Bear Brook, New Hampshire: an integrative 611 

approach to stream ecosystem metabolism. Ecological Monographs 43: 421–439. 612 

Forsberg, B. R., Devol, A.H., Richey, J.E., Martinelli, L.A., and H. Des Santos, H. 1988. Factors 613 

controlling nutrient concentrations in Amazon floodplain lakes. Limnology and 614 

Oceanography 33: 41-56. 615 

Hess, L.L., Melack, J.M., Novo, E.M.L.M., Barbosa, C.C.F., and Gastil, M. 2003. Dual-season 616 

mapping of wetland inundation and vegetation for the central Amazon basin. Remote 617 

Sensing of Environment 87: 404-428. 618 

Hunter, B.L. and Laws, E.A. 1981. ATP and chlorophyll-a as estimators of phytoplankton carbon 619 

biomass. Limnology and Oceanography 26: 944-956. 620 

Huston, M. A. 1979. A general hypothesis of species diversity Am. Nat. 113: 81–101.  621 

Huston, M.A. 1994. Biological Diversity: The Coexistence of Species on Changing Landscapes. 622 

Cambridge University Press, New York. 623 

Inglett, P.W., Inglett, K.S., and Reddy, K.R. 2008. Biogeochemical processes and implications 624 

for nutrient cycling. Report in report titled ‘Summary and synthesis of the available 625 

Page 27 of 42
C

an
. J

. F
is

h.
 A

qu
at

. S
ci

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

U
ni

ve
rs

ity
 o

f 
Sa

sk
at

ch
ew

an
 o

n 
09

/1
6/

15
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.

 T
hi

s 
Ju

st
-I

N
 m

an
us

cr
ip

t i
s 

th
e 

ac
ce

pt
ed

 m
an

us
cr

ip
t p

ri
or

 to
 c

op
y 

ed
iti

ng
 a

nd
 p

ag
e 

co
m

po
si

tio
n.

 I
t m

ay
 d

if
fe

r 
fr

om
 th

e 
fi

na
l o

ff
ic

ia
l v

er
si

on
 o

f 
re

co
rd

. 



 

 
 

28 

 

literature on the effects of nutrients on spring organisms and systems’ submitted to FDEP 626 

Springs Initiative. 627 

Junk, W.J., Bayley, P.B., and Sparks, R.E. 1989. The flood pulse concept in river-floodplain 628 

systems. In Proceedings of the International Large River Symposium (LARS), ed. by 629 

D.P. Dodge, pp. 110-127. Canadian Special Publication of Fisheries and Aquatic 630 

Sciences, Ottawa, Canada.  631 

Junk, W. J. and Wantzen, K. M.  2004. The flood pulse concept: New aspects, approaches, and 632 

applications—an update. In Welcomme, R. & T. Petr (eds), Proceedings of the 2nd Large 633 

River Symposium (LARS), Pnom Penh, Cambodia. Bangkok. RAP Publication: 117–634 

149. 635 

Knowlton, M.F. and Jones, J.R. 1997. Trophic status of the Missouri River floodplain lakes in 636 

relation to basin type and connectivity. Wetlands 17: 468-475. 637 

Kunz, M. J., Anselmetti, F. S., Wüest, A., Wehrli, B., Vollenweider, A., Thüring, S. and Senn, 638 

D. B. 2011a. Sediment accumulation and carbon, nitrogen, and phosphorus deposition in 639 

the large tropical reservoir Lake Kariba (Zambia/Zimbabwe). Journal of Geophysical 640 

Research 116: G03003. doi:10.1029/2010JG001538. 641 

Kunz, M. J., Wüest, A., Wehrli, B., Landert, J., and Senn, D. B. 2011b. Impact of a large tropical 642 

reservoir on riverine transport of sediment, carbon, and nutrients to downstream 643 

wetlands, Water Resources Research 47: W12531. doi:10.1029/2011WR010996. 644 

Long, C.M., and Pavelsky, T.M. 2013. Remote sensing of suspended sediment concentration and 645 

hydrologic connectivity in a complex wetland environment. Remote Sensing of 646 

Environment 129: 197-209. 647 

Page 28 of 42
C

an
. J

. F
is

h.
 A

qu
at

. S
ci

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

U
ni

ve
rs

ity
 o

f 
Sa

sk
at

ch
ew

an
 o

n 
09

/1
6/

15
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.

 T
hi

s 
Ju

st
-I

N
 m

an
us

cr
ip

t i
s 

th
e 

ac
ce

pt
ed

 m
an

us
cr

ip
t p

ri
or

 to
 c

op
y 

ed
iti

ng
 a

nd
 p

ag
e 

co
m

po
si

tio
n.

 I
t m

ay
 d

if
fe

r 
fr

om
 th

e 
fi

na
l o

ff
ic

ia
l v

er
si

on
 o

f 
re

co
rd

. 



 

 
 

29 

 

Mackay, J.R. 1963. The Mackenzie Delta area, N.W.T. Miscellaneous Report 23. Geological 648 

Survey of Canada.  649 

Marsh, P., and Hey, M. 1989. The flooding hydrology of Mackenzie Delta lakes near Inuvik, 650 

N.W.T., Canada. Arctic 42: 41-49. 651 

Mathias, J.A. and Barica, J. 1980. Factors controlling oxygen depletion in ice-covered lakes. 652 

Canadian Journal of Fisheries and Aquatic Sciences 37: 185-194. 653 

Mayora, G., Devercelli, M., and Giri, F. 2013. Spatial variability of chlorophyll-a and abiotic 654 

variables in a river–floodplain system during different hydrological phases. 655 

Hydrobiologia 717: 51–63. 656 

Mertes, L.A.K. 1997. Documentation and significance of the perirheic zone on inundated 657 

floodplains. Water Resources Research 33: 1749-1762. 658 

Molles, M.C., Jr., Crawford, C.S., Ellis, L.M., Valett, H.M., and Dahm, C.N. 1998. Managed 659 

flooding for riparian ecosystem restoration: Managed flooding reorganizes riparian forest 660 

ecosystems along the middle Rio Grande in New Mexico. BioScience 48:749–756. 661 

Norlin, J. I., Bayley, S. E. and Ross, L. C. M. 2005. Submerged macrophytes, zooplankton and 662 

the predominance of low- over high-chlorophyll states in western boreal, shallow-water 663 

wetlands. Freshwater Biology 50: 868–881. doi: 10.1111/j.1365-2427.2005.01366.x. 664 

Olde Venterink, H., Vermaat, J. E., Pronk, M., Wiegman, F., van der Lee, G. E. M., van den 665 

Hoorn, M. W., Higler, L., and Verhoeven, J. T. A. 2006. Importance of sediment 666 

deposition and denitrification for nutrient retention in floodplain wetlands. Applied 667 

Vegetation Science 9: 163–174. 668 

Page 29 of 42
C

an
. J

. F
is

h.
 A

qu
at

. S
ci

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

U
ni

ve
rs

ity
 o

f 
Sa

sk
at

ch
ew

an
 o

n 
09

/1
6/

15
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.

 T
hi

s 
Ju

st
-I

N
 m

an
us

cr
ip

t i
s 

th
e 

ac
ce

pt
ed

 m
an

us
cr

ip
t p

ri
or

 to
 c

op
y 

ed
iti

ng
 a

nd
 p

ag
e 

co
m

po
si

tio
n.

 I
t m

ay
 d

if
fe

r 
fr

om
 th

e 
fi

na
l o

ff
ic

ia
l v

er
si

on
 o

f 
re

co
rd

. 



 

 
 

30 

 

Ostojić, A., Rosado, J., Miliša, M., Morais, M., and Tockner, K. 2013. Release of Nutrients and 669 

Organic Matter from River Floodplain Habitats: Simulating Seasonal Inundation 670 

Dynamics. Wetlands 33: 847-859. 671 

Parsons, T. R., Maita, Y., and Lalli, C. M. 1984. Manual of chemical and biological methods for 672 

seawater analysis; Pergamon Press: Oxford, New York. 673 

Pavelsky, T. M., and Smith, L. C. 2009. Remote sensing of suspended sediment concentration, 674 

flow velocity, and lake recharge in the Peace-Athabasca Delta, Canada. Water Resources 675 

Research 45, W11417. doi:10.1029/2008WR007424. 676 

Persic, V. and Horvatic, J. 2011. Spatial distribution of nutrient limitation in the Danube River 677 

floodplain in relation to hydrological connectivity. Wetlands 31: 933-944. 678 

Peters D.L. 2003. Controls on the persistence of water within perched basins of the Peace-679 

Athabasca Delta, northern Canada. Ph.D. Thesis, Watershed Ecosystems Graduate 680 

Program, Trent University, Peterborough, Ontario, Canada, pp. 194. 681 

Pham, S. V., Leavitt, P. R., McGowan, S., Wissel, B., and Wassenaar, L.I. 2009. Spatial and 682 

temporal variability of prairie lake hydrology as revealed using stable isotopes of 683 

hydrogen and oxygen. Limnology and Oceanography 54: 101–118. 684 

Pithart D., Pichlová R., Bílý M., Hrbáèek J., Novitná K., and Pechar L. 2007. Spatial and 685 

temporal diversity of small shallow waters in river Lunice floodplain. Hydrobiologia 686 

 584: 265-275. 687 

Prézelin, B.B. and Matlick, H.A. 1983. Nutrient-dependent low-light adaptation in the 688 

dinoflagellate Gonyaulax polyedra. Marine Biology 74: 141-150. 689 

Page 30 of 42
C

an
. J

. F
is

h.
 A

qu
at

. S
ci

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

U
ni

ve
rs

ity
 o

f 
Sa

sk
at

ch
ew

an
 o

n 
09

/1
6/

15
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.

 T
hi

s 
Ju

st
-I

N
 m

an
us

cr
ip

t i
s 

th
e 

ac
ce

pt
ed

 m
an

us
cr

ip
t p

ri
or

 to
 c

op
y 

ed
iti

ng
 a

nd
 p

ag
e 

co
m

po
si

tio
n.

 I
t m

ay
 d

if
fe

r 
fr

om
 th

e 
fi

na
l o

ff
ic

ia
l v

er
si

on
 o

f 
re

co
rd

. 



 

 
 

31 

 

Prowse, T. D., Conly, F. M., Church, M. and English, M. C. 2002. A review of hydroecological 690 

results of the Northern River Basins Study, Canada. Part 1. Peace and Slave rivers. River 691 

Research Applications 18: 429–446. doi: 10.1002/rra.681. 692 

Robb, T., and Abrahams, M. V. 2002. The influence of hypoxia on risk of predation and habitat 693 

choice by the fathead minnow, Pimephales promelas. Behavioral Ecology and 694 

Sociobiology 52: 25-30. 695 

Robb, T. and Abrahams, M. V. 2003. Variation in tolerance to hypoxia in a predator and prey 696 

species: an ecological advantage of being small? Journal of Fish Biology 62: 1067–1081. 697 

Rooney, N., and Kalff, J. 2003. Interactions among epilimnetic phosphorus, phytoplankton 698 

biomass and bacterioplankton metabolism in lakes of varying submerged macrophyte 699 

cover. Hydrobiologia 501, 75–81. 700 

Sagin, J., Sizo, A., Wheater, H., Jardine, T.D., and Lindenschmidt, K. 2015. A water coverage 701 

extraction approach to track inundation in the Saskatchewan River Delta, Canada. 702 

International Journal of Remote Sensing 36: 764-781. 703 

Smith, V. H., Tilman, G. D. and Nekola, J. C. 1999. Eutrophication: impacts of excess nutrient 704 

input on freshwater, marine, and terrestrial ecosystems. Environmental Pollution 100: 705 

179–196. 706 

Smith, N., and Perez-Arlucea, M. 2008. Natural levee deposition during the 2005 flood of the 707 

Saskatchewan River. Geomorphology 101: 583-594.  708 

Sokal, M.A., Hall, and Wolfe, B.B. 2008. Relationships between hydrological and 709 

limnological conditions in lakes of the Slave River Delta (NWT, Canada) and 710 

quantification of their roles on sedimentary diatom assemblages. Journal of 711 

Paleolimnology 39: 533-550.  712 

Page 31 of 42
C

an
. J

. F
is

h.
 A

qu
at

. S
ci

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

U
ni

ve
rs

ity
 o

f 
Sa

sk
at

ch
ew

an
 o

n 
09

/1
6/

15
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.

 T
hi

s 
Ju

st
-I

N
 m

an
us

cr
ip

t i
s 

th
e 

ac
ce

pt
ed

 m
an

us
cr

ip
t p

ri
or

 to
 c

op
y 

ed
iti

ng
 a

nd
 p

ag
e 

co
m

po
si

tio
n.

 I
t m

ay
 d

if
fe

r 
fr

om
 th

e 
fi

na
l o

ff
ic

ia
l v

er
si

on
 o

f 
re

co
rd

. 



 

 
 

32 

 

Sokal, M.A., Hall, and Wolfe, B.B. 2010. The role of flooding on inter-annual and seasonal 713 

variability of lake water chemistry, phytoplankton diatom communities and 714 

macrophyte biomass in the Slave River Delta (Northwest Territories, Canada). 715 

Ecohydrology 3: 41-54. 716 

Søndergaard, M., and Moss, B. 1998. Impact of submerged macrophytes on phytoplankton 717 

in shallow freshwater lakes. In Jeppesen, E. M., M. Søndergaard, M. Søndergaard & 718 

K. Christoffersen (eds), The Structuring Role of Submerged Macrophytes in Lakes. 719 

Ecological Studies Vol. 131. Springer-Verlag, New York: 115–132. 720 

Thomaz, S.M., Bini, L.M., and Bozelli, R.L. 2007. Floods increase similarity among aquatic 721 

habitats in river-floodplain systems. Hydrobiologia 579: 1-13. 722 

Tockner, K., Malard, F., and Ward, J.V. 2000. An extension of the flood pulse concept. 723 

Hydrological Processes 14: 2861-2883. 724 

Tockner K., and Stanford, J.A. 2002. Riverine flood plains: present state and future trends. 725 

Environmental Conservation 3: 308-330. 726 

Van de Wolfshaar, K. E., Middelkoop, H., Addink, E., Winter, H. V., and Nagelkerke, L. A. J. 727 

2011. Linking flow regime, floodplain lake connectivity and fish catch in a large river-728 

floodplain system, the Volga-Akhtuba floodplain (Russian Federation). Ecosystems 729 

 14: 920–934. 730 

Wantzen, K., Junk, W., and Rothhaupt, K. 2008. An extension of the flood pulse concept (FPC) 731 

for lakes. Hydrobiologia 613: 151-170.  732 

Ward, J.V., Tockner, K. and Schiemer F.1999. Biodiversity of floodplain river ecosystems: 733 

ecotones and connectivity. Regulated Rivers: Research and Management 15: 125–139.  734 

Page 32 of 42
C

an
. J

. F
is

h.
 A

qu
at

. S
ci

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

U
ni

ve
rs

ity
 o

f 
Sa

sk
at

ch
ew

an
 o

n 
09

/1
6/

15
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.

 T
hi

s 
Ju

st
-I

N
 m

an
us

cr
ip

t i
s 

th
e 

ac
ce

pt
ed

 m
an

us
cr

ip
t p

ri
or

 to
 c

op
y 

ed
iti

ng
 a

nd
 p

ag
e 

co
m

po
si

tio
n.

 I
t m

ay
 d

if
fe

r 
fr

om
 th

e 
fi

na
l o

ff
ic

ia
l v

er
si

on
 o

f 
re

co
rd

. 



 

 
 

33 

 

Ward, D. P., Hamilton, S. K., Jardine, T. D., Pettit, N. E., Tews, E. K., Olley, J. M. and Bunn, S. 735 

E. 2013. Assessing the seasonal dynamics of inundation, turbidity, and aquatic vegetation 736 

in the Australian wet–dry tropics using optical remote sensing. Ecohydrology 6: 312–737 

323. 738 

Ward, D.P., Petty, A., Setterfield, S.A., Douglas, M.M., Ferdinands, K., Hamilton, S.K., and 739 

Phinn, S. 2014. Floodplain inundation and vegetation dynamics in the Alligator Rivers 740 

region (Kakadu) of northern Australia assessed using optical and radar remote sensing. 741 

Remote Sensing of Environment 147: 43–55. 742 

Welch, H.E., and Legault, J.A. 1986. Precipitation chemistry and chemical limnology of 743 

fertilized and natural lakes at Saqvaqjuac, N.W.T. Canadian Journal of Fisheries and 744 

Aquatic Science 43: 1104-1134. 745 

Welcomme, R.L. 1979. Fisheries Ecology of Floodplain Rivers. Longman Group Limited, New 746 

York. 747 

Wheater, H. and Gober, B. 2013. Water security in the Canadian Prairies: science and 748 

management challenges. Philosophical Transactions of the Royal Society A. 749 

doi:10.1098/rsta.2012.0409 750 

Wiklund, J.A., Hall, R.I., and Wolfe, B.B. 2012. Timescale of hydrolimnological change in 751 

floodplain lakes of the Peace-Althabasca Delta, northern Alberta, Canada. Ecohydrology 752 

 5: 351-367.  753 

Wolfe, B. B., Karst-Riddoch, T. L., Hall, R. I., Edwards, T. W. D., English, M. C., Palmini, R., 754 

McGowan, S., Leavitt, P. R. and Vardy, S. R. 2007. Classification of hydrological 755 

regimes of northern floodplain basins (Peace–Athabasca Delta, Canada) from analysis of 756 

stable isotopes (δ
18

O, δ
2
H) and water chemistry. Hydrological Processes 21: 151–168. 757 

Page 33 of 42
C

an
. J

. F
is

h.
 A

qu
at

. S
ci

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

U
ni

ve
rs

ity
 o

f 
Sa

sk
at

ch
ew

an
 o

n 
09

/1
6/

15
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.

 T
hi

s 
Ju

st
-I

N
 m

an
us

cr
ip

t i
s 

th
e 

ac
ce

pt
ed

 m
an

us
cr

ip
t p

ri
or

 to
 c

op
y 

ed
iti

ng
 a

nd
 p

ag
e 

co
m

po
si

tio
n.

 I
t m

ay
 d

if
fe

r 
fr

om
 th

e 
fi

na
l o

ff
ic

ia
l v

er
si

on
 o

f 
re

co
rd

. 



 

 
 

34 

 

Table 1 758 

Table 1. Summary of limnological data for two floodplain lakes from the high flood-connected category found within the Saskatchewan River Delta 
(Ben's Lake (SRD05) and Cook Lake (SRD06)), and the Saskatchewan River. Sites were sampled intermittently from August 2013 to September 

2014.  

Lake site Variable Date 

    
24-Aug-

13 

1-Feb-

14 
1-Jun-14 

22-Jun-

14 

19-Jul-

14 

28-Aug-

14 

22-Sep-

14 

Ben's Lake Turbidity (NTU) 4.96 12.52 1.93 2.37 2.47 2.38 4.87 

 
chl-a (µg/L) 9.61 5.78 3.78 4.24 3.00 - - 

 
TP (mg/L) 0.13 0.11 0.04 0.04 0.04 0.07 0.04 

 
TN (mg/L) 1.00 2.00 0.91 0.73 0.94 0.77 1.60 

 
Conductivity 480 1069 383 262 313 363 421 

 
pH 7.70 7.40 8.04 8.24 8.14 7.34 8.15 

 
DOC (mg/L) 9.2 11.8 8.1 9.4 - 13.4 - 

 
SO4 (mg/L) 37.0 28.2 15.0 - 6.9 - 9.1 

  

24-Aug-

13 

1-Feb-

14 
2-Jun-14 

23-Jun-

14 

20-Jul-

14 

28-Aug-

14 

23-Sep-

14 

Cook Lake Turbidity (NTU) - 70.00 2.39 1.43 1.43 1.75 4.63 

 
chl-a (µg/L) - 7.93 15.14 3.55 7.90 - - 

 
TP (mg/L) - 0.15 0.04 0.04 0.02 0.03 0.03 

 
TN (mg/L) - 2.74 1.00 0.73 0.90 0.85 1.20 

 
Conductivity - 762 398 218 283 500 454 

 
pH - 7.88 8.09 9.24 8.19 7.62 8.03 

 
DOC (mg/L) - 42.2 - 9.5 11.5 14.6 - 

 
SO4 (mg/L) - 16.8 13.0 - 8.1 - 6.2 

  

22-Aug-

13 

1-Feb-

14 

01-Jun-

14 

23-Jun-

14 

20-Jul-

14 

20-Aug-

14 

20-Sep-

14 

Saskatchewan 

River 

Turbidity (NTU) 3.02 - 4.48 2.13 3.95 3.38 2.75 

chl-a (µg/L) 4.04 - 4.80 7.45 1.76 - - 

 
TP (mg/L) 0.03 - 0.01 0.02 0.02 0.02 0.02 

 
TN (mg/L) 0.73 - 0.72 0.49 0.62 0.19 0.42 

 
Conductivity 471 - 473 323 495 461 499 

 
pH 8.36 - 8.10 8.93 8.66 8.75 8.60 

 
DOC (mg/L) 6.51 - 4.39 4.42 5.04 5.37 - 

  SO4 (mg/L) 94 - 81 - 80 - 78 

 759 

 760 

 761 

 762 

 763 
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Table 2 764 

Table 2. Summary of MANOVA results (p-values for post-hoc comparisons) for differences in limnological variables among connectivity 

categories.  Asterisks indicate significant differences at α = 0.05. 

    
Drought  Low flood  

Moderate 

flood 
High flood Extreme flood 

δ2H Drought  - 0.525 0.376 0.005* 0.010* 

Low flood    - 0.981 0.560 0.109 

 Moderate flood     - 0.400 0.558 

 High flood       - 0.996 

  Extreme flood         - 

δ18O Drought  - 0.288 0.115 0.003* 0.004* 

Low flood    - 0.882 0.770 0.123 

 Moderate flood     - 0.706 0.814 

 High flood       - 0.999 

  Extreme flood         - 

DO Drought  - 0.169 0.04* 0.067 0.013* 

Low flood    - 0.731 0.957 0.547 

 Moderate flood     - 0.969 1.000 

 High flood       - 0.940 

  Extreme flood         - 

pH Drought  - 0.077 0.032* 0.077 0.028* 

Low flood    - 0.880 1.000 0.982 

 Moderate flood     - 0.922 0.984 

 High flood       - 0.994 

  Extreme flood         - 

NO3-NO2  Drought  - 0.005* 0.001* <0.001* <0.001* 

Low flood    - 0.447 0.237 0.292 

 Moderate flood     - 1.000 1.000 

 High flood       - 1.000 

  Extreme flood         - 

SO4 Drought  - 0.028* <0.001* <0.001* 0.001* 

Low flood    - 0.109 0.202 0.279 

 Moderate flood     - 0.915 0.852 

 High flood       - 1.000 

  Extreme flood         - 

TN Drought  - 0.416 0.037* 0.157 0.488 

Low flood    - 0.383 0.950 1.000 

 Moderate flood     - 0.695 0.279 

 High flood       - 0.867 

  Extreme flood         - 

TP Drought  - 0.853 0.251 0.172 0.939 

Low flood    - 0.608 0.493 0.997 

 Moderate flood     - 1.000 0.431 

 High flood       - 0.282 

  Extreme flood         - 

NH3 Drought  - 0.645 0.091 0.206 0.733 

Low flood    - 0.448 0.846 0.999 

 Moderate flood     - 0.880 0.329 

 High flood       - 0.699 

  Extreme flood         - 

 765 

 766 

 767 

Figure legends 768 
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 769 

Figure 1. Location of the Saskatchewan River Delta, Canada and sampling sites with an image 770 

of surface water coverage area for different flood categories, including drought-connected and 771 

low flood-connected (discharge < 500m
3
/sec; SWCA < 70 km

2
), moderate and high flood-772 

connected (500 m
3
/sec < discharge < 2000 m

3
/sec; 70 < SWCA < 280 km

2
), and extreme 773 

flood-connected (discharge > 2000 m
3
/sec; SWCA > 280 km

2
). 774 

Figure 2. Daily discharge for the study area (station 05KD003, Saskatchewan River below 775 

Tobin Lake, Water Survey of Canada) from June 2013- November 2014 with markers indicating 776 

winter and spring/summer SRD sampling dates, and the spillway sample dates collected below 777 

E.B. Campbell Dam that were used to determine the LEL. 778 

Figure 3. Hydrogen and oxygen stable isotope ratios of river and wetland water (A) in a spillway 779 

downstream of E.B. Campbell Dam in the Saskatchewan River, from June- August 2013, and (B) 780 

from lakes of drought-connected (+), low flood-connected (◇◇◇◇), moderate flood-connected (□□□□), 781 

high flood-connected (▲), and extreme flood-connected categories (✲✲✲✲) sampled in the 782 

Saskatchewan River Delta from February-March 2014.  The corresponding Local Meteoric 783 

Water Line (LMWL) is based on regional isotope composition of precipitation from 1990-2005 784 

(Pham et al. 2009) and the Local Evaporation Line (LEL) is a best fit line based on the samples 785 

collected at river and wetland sites in panel A. 786 

Figure 4. Boxplots of physical and chemical variables for drought-connected lakes (connectivity 787 

category 1; n = 3), low flood-connected lakes (connectivity category 2; n = 6), moderate flood-788 

connected lakes (connectivity category; n = 3), high flood-connected lakes (connectivity 789 

category 4; n = 7), and extreme flood-connected lakes (connectivity category 5; n = 7).   790 
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Figure 5. Principal component analysis (PCA) displaying the vectors of the 13 physical and 791 

chemical variables sampled from lakes of the SRD during the winter of 2014, and the 792 

distribution of lakes from the five connectivity categories with respect to the 13 variables based 793 

on individual lake limnological conditions.  794 
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Figure 1. 818 
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Figure 2.  833 
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Figure 3. 850 
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Figure 4 857 
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Figure 5 862 
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