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Summary of the Scope of the Project:

One of the most difficult decisions that water managers face is to determine how much of the flow regime
of a river can be altered without causing species extinctions or the loss of ecosystem functions and the
economic services that we derive from our rivers. Existing tools are incomplete and our challenge has
been to create a critical conceptual framework and effective modelling applications to ensure that
Alberta’s rivers are protected, yet managed effectively to support sustainable economic development.

We have made major strides in our understanding of Instream Flow Needs in the South Saskatchewan
River Basin (SSRB) throughout our Rivers for Life program (see extensive summaries in our Final Report;
Post et al. July 2013). We have developed diagnostic and simulation tools, developed both basin scale and
reach scale analyses of mechanistic linkages across physical and biological processes and explored the
concept of functional flows, all focused on the SSRB. Now that the pieces of primary research have been
disseminated in the scientific literature, it is time to synthesize the new knowledge and assess its
application to science-based policy development for the SSRB.
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Specific Objectives:

1.

To synthesize our current understanding of all physical and biological aspects of ecological functional
flows of the SSRB

To assess the applicability of bioenergetics approaches to determining instream flow needs of fishes
and impacts of climate change on SSRB fish communities

To critically evaluate our new isotopic and toxicological tools for tracing nutrients and pollutants in
the SSRB

Identify knowledge gaps, develop a priority research agenda, and to facilitate application of results to
instream flow issues in the SSRB and Alberta



EXECUTIVE SUMMARY

Environmental flows, defined as the ‘quantity, timing and quality of water flows required to sustain
freshwater and estuarine ecosystems and the human livelihood and well-being that depend on these
ecosystems’ (Brisbane Declaration 2007) is a fundamental principle used to guide water allocation
decisions to manage healthy rivers and estuaries. Though internationally accepted in principle, the
implementation of water management and the methods used to determine when and how much water
extraction is permitted, has varied widely both in time and by jurisdiction (Tharme 2003). There is now
general consensus that maintaining the natural flow regime rather than a minimum flow is vital to
maintaining ecosystem function (Poff and Zimmerman 2010), however, understanding hydroecological
relationships, which can vary within and among regions and sites, and over time, remains a fundamental
challenge (Poff et al. 2017). This challenge is exacerbated by the vast number of physical, chemical and
biological elements that are interconnected and must be considered together to determine impacts of
anthropogenic alterations to the quantity, timing and quality of flows. Adding to this complexity is the
involvement of multiple stressors acting upon any one system. Three key physicochemical factors that
tend to vary both naturally and anthropogenically in a system and must be considered in determining

environmental flows are discharge, water temperature and nutrients.

To address the challenge of understanding hydroecological relationships in the South Saskatchewan
River Basin under varying discharge, temperature and nutrient conditions, the Rivers for Life: Synthesis
Project synthesized our current understanding of physical and biological aspects of environmental flows.
We also applied isotopic tools to determine the source and downstream impact of nutrient inputs, and
assessed the impact of nutrients and flooding on macrophyte and algae biomass and consequent
dissolved oxygen fluctuations. The nine papers each contribute to the understanding of spatial and
temporal variation in water quantity, timing and quality, or hydroecological relationships in the South

Saskatchewan River Basin.



Water Quantity, Timing & Qualtity
Rood et al. (2016) tested the hypothesis that climate change is amplifying the water cycle and

intensifying river floods by assessing historic trends in the magnitude, duration and timing of annual peak
flows from rivers that drain the Rocky Mountains, including the Red Deer, Bow and Oldman Rivers.
Authors found that 7 of 30 free-flowing rivers, and 3 of 5 moderately regulated rivers reflected declining
trends, 1 river reflected an increase, and the remaining rivers showed no trend. In general, they found a
decrease in flood events in recent decades rather than the intensifying that was hypothesized by climate
change predictions. Reasons for the decline were suggested to be an overall decrease in flows, a decrease

in winter precipitation or an advancement of spring snowmelt.

A much underdeveloped area of understanding with respect to environmental flows is the role of
groundwater in streamflows (Acreman et al. 2014). Jasechko et al. (2017) assessed 50 and 8H values
of thousands of rain, snow, groundwater and streamflow samples in the Nelson River basin, which
includes the South Saskatchewan River Basin (SSRB) to gain an understanding of the role of groundwater
recharge and streamflow generation. Authors found that the amount of precipitation that makes its way
into aquifers is 1.3-5x higher during the cold, winter months relative to warm, summer months. The
implication of this finding is that changes to winter water balance may have a disproportionate impact on
groundwater recharge, which is highly relevant when considering predicted climate change scenarios.
Further, authors found that young streamflow (precipitation that becomes streamflow in less than 2.3
months), contributes to 27% of annual streamflow on average, but that the percentage varies greatly
among tributaries so that a larger percent of young streamflow contributes to flow in flat catchments (e.g.
prairies) vs. tributaries in steep catchments (e.g. mountains). The implication of this finding is that
precipitation is likely able to mobilize fertilizers more quickly in flat prairie landscapes that tend to contain

more agriculture.



Similarly, relatively little scientific study has been conducted on water quality in groundwater. Work
by Humez et al. (2016) has contributed to the current understanding of groundwater quality in Alberta.
Authors aimed to develop a baseline of methane in Alberta groundwater so that the impact of any future
spills could be evaluated appropriately. The study found low concentrations of methane in shallow
groundwater in all but 28 of 168 samples. They found that methane concentrations generally increased
with sample depth, and were likely to be higher in aquifers associated with coal seams and shale.
However, stable isotope analysis identified a common source for all methane in groundwater samples in

Alberta, with a biogenic origin via CO; reduction.

Nutrient loadings to rivers from anthropogenic sources are a common concern in many watersheds
and nutrient assessments are included in environmental flow assessments to maintain water quality. In
order to manage nutrients in a system, it is important to identify the various sources and their
downstream effects. While nutrient concentrations have been monitored for a number of decades in
many watersheds (Sosiak 2003), determining sources, particularly when there are multiple potential
sources, is more of a challenge. Chao et al. (in prep.) used physical, chemical and isotopic methods to
identify and quantify sources of nitrate to the Bow River. Authors found that nitrate flux increased
dramatically within the City of Calgary. Nitrate stable isotope values (5'°N, 6'0) were instrumental in
identifying nitrate sources. *°N and 680 values in the headwater region was largely consistent with forest
soil-derived nitrate, whereas downstream of the wastewater treatment plant (WWTP) outflows, 8*°N and
80 values from water samples were consistent with wastewater effluent stable isotope values. Below

the City of Calgary, 84-92 % of the nitrate load was attributed to WWTP effluent.

Impacts of Variability in Water Quantity, Timing and Quality on Ecological Processes
A key component of many environmental flow assessments is determining the proportion of natural

flow that must be maintained in a channel to maintain healthy fish populations. To do so, it is the

relationship between flow and fish productivity must be characterized. Many scientific studies and



environmental flow assessments have relied strictly on establishing relationships between hydrology and
fish production based on habitat suitability curves (Clipperton et al. 2003; Rosenfeld et al. 2007; Laliberte
et al. 2014). However, a common criticism of such methods is that they often fail to accurately predict fish
abundances, and that habitat selection and fitness associations are rarely supported (Rosenfeld 2003).
Bioenergetics models that combine hydraulic models with drift transport and drift-foraging behaviour of
the fish to predict fish productivity have shown promise in overcoming those previous shortfalls (Hayes
et al. 2007; Wall et al. 2016). Using a free-flowing fourth order tributary of the Bow River, Jumpingpound
Creek, as a model reach, Laliberte et al. (2016) demonstrated the impact of seasonal variation in
discharge, water temperature and prey drift density on fish productivity. Results illustrated that when
energy requirements increased (during high discharge and/or high water temperature), higher prey drift
densities were required to support fish production. In particular, adult fish were less likely to be
productive in the stream reach because of higher prey densities required to meet their higher metabolic
needs. The relationship between discharge, temperature, prey availability and fish productivity
demonstrated by Laliberte et al (2016), can be extended to predict likely fish productivity in other areas
of the SSRB, as well as under anthropogenic alteration (e.g. regulated flow, climate change, nutrient

inputs).

The Lower Bow River contains a world-class rainbow trout fishery with an estimated annual economic
value of $24.5 million CAD (Crowe-Swords 2016). While the fishery has functionally operated as a catch-
and-release fishery since 2006, its proximity to the City of Calgary and its international reputation as one
of the best fly fishing locations in the world results in a high effort fishery with approximately 161 angler
hours/ha (Ripley and Council 2006). Rainbow trout were introduced into the Bow River, however, this
now naturalized species, is considered economically and recreationally significant, has been the focus of
scientific study (Rhodes 2005; Post et al. 2006; Askey et al. 2007), and is managed by the provincial

government to maintain a healthy fishery (Sosiak 1987; Ripley and Council 2006). Cahill et al. (submitted)



identified a 43-50% decline in adult rainbow trout over a 10 year period, based on population abundance
estimates conducted on the Bow River between 2003 and 2013. The Bow River rainbow trout fishery faces
a number of stressors that may contribute individually, or in concert, to the declining numbers observed.
Three of the key potential stressors identified are (1) whirling disease (Canadian Food Inspection Agency
2016), which has had detrimental effects on rainbow trout populations elsewhere (Nehring and Walker
1996; Vincent 1996), (2) extreme flooding events that occurred in 2005 and 2013 on the Bow River (Veiga
et al. 2015), and high angling effort via release mortality (Post et al. 2003; Bartholomew and Bohnsack
2005). Of those potential stressors, only angling can be actively managed. As such, Cahill et al. (submitted)
suggest effort restrictions as a key management strategy for inland recreational fisheries under multiple
stressors, such as the Bow River rainbow trout fishery. Prior to this recent work by Cahill et al.
(submitted), the Bow River rainbow trout fishery was not considered to be in decline, let alone exhibit
declines of a magnitude that are consistent with threatened or endangered classifications by The

Committee on the Status of Endangered Wildlife in Canada (COSEWIC 2018).

Mee et al. (2016) determined the key physicochemical variables that drive fish species distribution
throughout the main stem rivers in the SSRB. Authors found that the total number of fish species present
increased with distance from the headwaters, consistent with the theory of species addition (Rahel and
Hubert 1991). Of the various physical and chemical variables that were included in the analysis, mean July
water temperature was the most common driver of species distribution (Mee et al. 2016). Authors also
found distinct shifts in the fish community composition that occurred at locations along the river with
mean July water temperatures of approximately 15°C and 19-20°C; a pattern that was consistent across
all main stems. The species that comprised each community were typically consistent with known species

thermal preferences.

Given the importance of water temperature in determining current fish species distributions along

the SSRB main stem rivers (Mee et al. 2016), Mee et al (in prep.) used forecasted water temperatures to
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predict species distribution in 2040 and 2080. In general, authors found contractions in the distribution of
fish with colder thermal preferences (e.g. Cutthroat trout, bull trout), mixed responses in fish species with
cool thermal preferences (e.g. little change in rainbow trout, local extinctions of spoonhead sculpin), and

potential upstream movement of many fish with warmer thermal tolerances (e.g. walleye).

Sinnatamby et al. (in prep.) combined published, public and new data to assess ecological responses
to spatial and temporal variation in discharge, temperature and nutrients in the Bow River. Authors
demonstrate that variability observed in the Bow River’s physical, hydrological, thermal and nutrient
characteristics are a reflection of both natural and anthropogenic drivers. The observed variation can be
interpreted spatially, where the most pristine reach is the headwater reach and the region of greatest
anthropogenic alteration is the mid-reach area extending from Kananaskis Dam to Highwood River which
is characterised by a number of dams, reservoirs, increased population density and municipal nutrient
inputs. A similar pattern was mirrored in the riparian abundance as well. Sinnatamby et al. (in prep.)
presents a number of Bow River ecological case studies that inform our current understanding of
hydroecological relationships in the Bow River under varying physical and chemical drivers. Authors
update our understanding of the relationships between nutrient inputs, discharge, aquatic vegetation
biomass, and diel dissolved oxygen fluctuations, factors that contribute to fish biomass and species
abundance distributions, and present a small-scale assessment of how seasonal variations in discharge,

temperature and prey densities impact fish productivity.

Advances in Environmental Flows Science in the SSRB
In order to manage the numerous challenges that face the SSRB, and any complex watershed, it is

necessary to disentangle the drivers of the observed variation. The use of long-term records, and new
analytical and statistical techniques in recent studies on the SSRB have advanced our progress to this end.
The availability of century-long stream gauge records throughout the Rocky Mountains allowed Rood

et al (2016) the temporal and spatial breadth of data required to assess changes in flood characteristics



while limiting the impact of land use and providing a regional context. Annual variation in macrophyte
and epilithic algae biomass in the Bow River has been assessed a number of times in the past (Sosiak 2003;
Taube et al. 2016). However, with each iteration of analysis and as the data set grows, new connections
between these complex variables can be identified. In the present analysis, Sinnatamby et al. (in prep.)
presents updated aquatic vegetation biomass data alongside newer diel dissolved oxygen fluctuation
data. The results suggest a promising link between epiphytic algae biomass, rather than macrophyte
biomass, and dissolved oxygen fluctuations.

Application of new Bayesian statistical methods to an existing data set of rainbow trout population
estimates allowed Cahill et al. (submitted) to identify a decline in the Bow River rainbow trout fishery
that was not previously recognized using traditional statistical methods. Development of analytical
methods for boron stable isotopes in river water samples, and application of isotopic biplots comparing
boron stable isotope values of river water samples to potential sources (Sinnatamby et al. in prep.) has
allowed for further elucidation of nutrient sources compared using nitrate alone (Chao et al. in prep.).
Determination of the importance of water temperature to fish species distribution using decades of
presence-absence data (Mee et al. 2016) and application of climate change models has allowed Mee et
al. (in prep.) to predict future species distributions and identify species particularly at risk to predicted

thermal changes.

Remaining Challenges for the SSRB
The SSRB still faces a number of challenges with respect to environmental flows. With increasing

predicted impacts of climate change, and a growing human population, the demand for water is expected
to increase. For example, whereas work presented here addresses predicted changes in temperature,
uncertainty remains regarding ecological outcomes to changes in precipitation, flow and receding glaciers
also predicted with climate change. While environmental flows address issues of water quantity, timing
and quality, implications of multiple existing stressors, some of which are not typically considered in

environmental flow assessments (e.g. angling pressure) are likely to complicate assessments or confound
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results. As such, interactions between stressors remains a key area that requires further study. Based on
the advancements that have occurred in this field, and specifically in the SSRB, long-term data sets,
analytical and statistical methods, and mechanistic modelling under different scenarios are likely to

contribute should be maintained and developed further.
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SUMMARY

It has been proposed that global warming will amplify the water cycle and intensify river floods. We
tested this hypothesis by investigating historic trends in magnitudes, durations and timing of the annual
peak flows of rivers that drain the Rocky Mountains around the North American hydrographic apex, the
source for rivers flowing to the Pacific, Arctic (including Hudson Bay) and Atlantic Oceans. We sought
century-long records and to reduce influences from land-use we assessed drainages from parks and pro-
tected areas. Of 30 rivers and reaches that were free-flowing or slightly regulated, seven displayed declin-
ing peak flows (7 p<0.1, 4 p<0.05), and one showed increase (p <0.05); three of five moderately
regulated rivers displayed decline (p < 0.05). Substantial floods, exceeding the 1-in-5 year recurrence
(Qs), were more common in the early versus latter halves of the records for some Arctic drainages and
were more common during the Pacific Decadal Oscillation negative phase for all regions. The timing of
peak flows was relatively unchanged and Qs flood durations declined for a few rivers. These results indi-
cate flood moderation rather than flood intensification, particularly for Arctic Ocean drainages. This could
reflect regional hydrological consequences from climate change including: (1) declining overall annual
river flows; (2) winter warming that would increase the rain versus snow proportion, thus reducing snow
accumulation and melt; and (3) spring warming that advances snow melt, lengthening the melt interval
before peak flows. These changes would shift the seasonality of river flows and reduce annual peaks. We
might expect continuing moderation of peak flows but there will probably still be occasional major floods
from exceptional rain events such as occurred in northern Montana in 1964 and in southern Alberta in
2013.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

the influences from climate change, land-use alterations would
increase rates of surface run-off, thereby worsening river floods

While there is growing concern related to global warming, in
many regions an even greater challenge from climate change
relates to impacts on water resources (Bates et al., 2008). There
has been a common view that atmospheric warming will acceler-
ate or intensify the global water cycle (Durack et al., 2012) and that
this could result in heavier rain events that would produce more
severe river floods (Huntington, 2006). As summarized by Karl
and Melillo (2009), ‘Floods ... are likely to be amplified in most
regions.’

Supporting this view, Milly et al. (2002) reported that there had
been more major floods in recent versus prior decades, and that
this was consistent with some hydroclimatic projections based
on impacts from greenhouse gases and aerosols. However, those
data were very limited (only 21 flood events) and confounding

* Corresponding author.
E-mail address: rood@uleth.ca (S.B. Rood).

http://dx.doi.org/10.1016/j.jhydrol.2016.02.043
0022-1694/© 2016 Elsevier B.V. All rights reserved.

(Wheater and Evans, 2009). In particular, forest harvesting, wood-
land clearing for crops or pasture, wetland drainage and infilling,
and the construction of roadways, buildings and other imperme-
able surfaces can increase and accelerate run-off, thus increasing
flood peaks. Conversely, dams create reservoirs than can attenuate
flows and flood-control is a primary objective of many projects.
Due to these and other human impacts, it is difficult to assess flood
histories and resolve the impacts of climate change versus other
human influences.

In considering the literature, the International Panel on Climate
Change (IPCC) technical group concluded that it is likely that since
about 1950 the number of heavy precipitation events over land has
generally increased and that this conclusion is more confident for
North America (Stocker, 2013). However, the transition from heavy
rains to intense floods has been less certain. In reviewing the
broader literature, including papers assessed by the IPCC report,
Kundzewicz et al. (2014) suggested that there is low confidence
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in the conclusion that anthropogenic climate change has resulted
in increased magnitude or frequency of global river floods over
recent decades. This uncertainty partly reflects the confounding
complexities from land-use impacts, the natural variability in river
flows and limited intervals of flood flow records for most river
systems.

To investigate changes in river regimes associated with climate
change, we analyzed a study system that straddles the east-west
and north-south Continental Divides of North America (Rood
et al., 2005, 2008). This study system reflects influences from
weather systems from the Pacific Ocean, Gulf of Mexico and Arctic
Ocean, and includes the hydrographic apex of North America, the
headwater source for some of the major North American river sys-
tems that drain to the Pacific, Arctic and Atlantic Oceans. This zone
includes the transboundary Rocky Mountain region around the
Canada-United States border, which provides a global focus for
parks and protected areas, with Jasper, Banff, Kootenay and Water-
ton Lakes National Parks, Canada; and Glacier, Yellowstone and
Grand Teton National Parks, USA (Fig. 1). With substantial land-
scape protection that extended back to the nineteenth century, this
zone includes relatively pristine Rocky Mountain watersheds, thus
reducing the confounding influences from human developments.
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There has been some river damming and flow regulation within
these protected areas and this influence must be recognized in
analyses of historic flow patterns (Tables 1a-c).

Consequently, we assessed the records of historic peak flows for
rivers that drain this transboundary conservation corridor, and
these analyses follow from our prior analyses of the historic annual
and seasonal river flow patterns of these rivers (Rood et al., 2005,
2008). We investigated records for individual rivers, and then for
the three major drainage regions, and the prospective correspon-
dence with the Pacific (multi) Decadal Oscillation (PDO). Following
the principles of water cycle amplification and flood intensifica-
tion, our primary expectation was that there would have been
increasing flood severity, with higher peak magnitudes and longer
flood-durations over the past century. As a secondary prediction,
following winter warming and earlier snow melt (Barnett et al.,
2005; Cunderlik and Ouarda, 2009; Shepherd et al., 2010), we also
anticipated that annual flow peaks would occur earlier.

2. Methods

We selected rivers and gauging locations with criteria that
extended from our prior studies of annual and seasonal flow

[ \
an JCANADA_ .

2V UNITED STATHS
Y ;

26 ‘

A Gauging Stations
/V/ Continental Divide
[ Parks

0 250

500 Kilometers

Fig. 1. Map of western North America with the locations of the studied 30 hydrologic gauging stations, sequenced by major watersheds as listed in Tables 1a-c. For the region
east of the Continental Divide, the American/Canadian border approximates the north-south Hudson Bay Divide. The triangle orientation indicates the direction of apparent
change (A upright = increasing, with positive regression slope; inverted = decreasing); the size represents the statistical effect (small = not statistically significant;
medium = statistical trend, p <0.1; and large = statistically significant, p < 0.05); and the fill indicates the extent of regulation (open = free-flowing or slight regulation,

gray = moderate regulation).
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Table 1a

Study gauges for rivers flowing to the Hudson Bay and Arctic Ocean, with correlation analyses of flow characteristics and trends (p < 0.1) underlined and significant patterns
(p <0.05) in bold. The rivers are generally sequenced from north-to-south, west-to-east and upstream to downstream. Status refers to the extent of damming and reservoir

storage.
River and gauge Period of record ~ Years Status Pearson r; Kendall t
p value p value
Log Qmax Qmax Qs Duration Qmax Date
Arctic Ocean - Mackenzie River Basin
1 Smoky R. at Watino, AB (07GJ001) 1916-1921; 65 Free-flowing -.131 —.129 .026 —.014
1955-2013 299 131 795 .865
2 Athabasca R., Hinton & Entrance, 1915-1939; 82 Free-flowing -.373 —.268 -.133 .089
AB (07AD001 & 07AD002) 1955-2011 <.001 .001 131 .240
Hudson Bay - Nelson River Basin
3 North Saskatchewan at Edmonton, AB (05DF001) 1911-2013 103 Moderate Regulation -.285 -.189 -.070 .038
.004 .005 370 572
4 Red Deer River at Red Deer, AB (05CC002) 1913-1932; 100 Slight regulation _171 —-.109 -.179 .040
1935-2013 088 .108 .023 .557
5 Bow River at Banff, AB (05BB001) 1909-2012 104 Free-flowing -.244 -.170 ~.130 —.050
013 011 093 460
6 Bow River at Calgary, AB (05BH004) 1911-1950; 102 Moderate regulation —.206 -.331 —.230 .008
1952-2013 .037 <.001 .004 910
7 Elbow River at Bragg Creek, AB (05BJ004) 1935-2012 78 Free-flowing .071 .047 .029 .016
.539 .540 747 .832
8 Highwood R., Diebel’s Ranch, AB (05BL019) 1951-2012 62 Free-flowing —-.078 —-.059 —.092 -.019
.546 .500 363 .831
9 Oldman R., Waldron’s Corner, AB (05AA023) 1950-2008 59 Free-flowing —.042 —.040 .094 .073
753 .652 .365; 417
10 Castle R. near Beaver Mines, AB(05AA022) 1945-2011 67 Free-flowing -.104 -.120 —.038 166
404 153 .697 .049
11 Waterton R. near Waterton Park, AB (05AD003) 1908-1930; 88 Free-flowing —.116 ~.137 —.072 —-.015
1948-2012 .283 060 401 .837
12 Belly R. at Mountain View, AB (05AD005) 1912-2012 101 Almost free-flowing .106 .074 .082 .011
292 274 .300 .876
13 St Mary R. Int’l Boundary, AB (05AE027) 1903-2014 112 Slight regulation -.110; —.084 —.045 .026
.249 .188 .548 .691
14 South Saskatchewan at Medicine Hat, 1911-2013 102 Moderate regulation -.134 —.068 —.014 .080
AB (05AJ001) 178 310 .861 237
Table 1b
Study gauges and rivers flowing to the Pacific Ocean, presentation as in Table 1a.
River and gauge Period of record Years Status Pearson r; Kendall ©
p value p value
Log Qmax Qumax Qs Duration Qumax Date
Pacific Ocean - Fraser River Basin
15 Fraser River at Hansard, BC (08KA004) 1953-2010 58 Free-flowing —.213 ~162 .055 —-.100
.108 073 .601 271
16 Fraser River at Hope, BC (08MF005) 1912-2012 101 Moderate regulation —.068 —.085 .066 .006
.502 211 402 930
Pacific Ocean - Columbia River Basin
17 Columbia R. at Nicholson, BC (08NA002) 1903-2013 109 Free-flowing -.014 -.029 -.016 —-.103
.882 654 .834 117
18 Kootenay R. at Kootenay Crossing, BC (08NF001) 1939-1941; 71 Free-flowing .064 .039 .006 .012
1945-1946; .596 .634 .947 .881
1948-2013
19 Bull River near Wardner, BC (08NG002) 1914-1915; 94 Slight regulation 131 .084 140 —.026
1919-1922; 208 233 089 717
1928-2013 T
20 Elk River at Phillips Bridge, BC (08NK005) 1925-1996; 89 Almost free-flowing —.022 —.051 —.102 129
1997-2013 838 483 224 076
21 North Fork of Flathead R. near Columbia Falls, 1912-1917; 92 Free-flowing .068 011 —.040 —.029
MT (USGS 12355500) 1929-2013 518 .879 .632 .685
22 Middle Fork Flathead R. near West Glacier, 1940-2013 74 Free-flowing —.058 —-.052 —-.024 —-.021
MT (USGS 12358500) .626 .516 799 790

regimes (Rood et al., 2005, 2008). We investigated rivers that
drained the central Rocky Mountains region and favored rivers that
drained relatively pristine watersheds (Fig. 1). We required peak
flow records of more than 50years and sought century-long
records to increase statistical confidence and to dampen influences

from climate oscillations, especially the PDO (Whitfield et al.,
2010; Rood et al., 2015).

While free-flowing rivers were favored, these were limited and
we also included regional rivers with some damming and regula-
tion. We assessed the extent of regulation based on the storage
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Table 1c
Study gauges and rivers flowing to the Gulf of Mexico, presentation as in Table 1a.
River and gauge Period of Years Status Pearson Kendall t
record T p value
p value
Log Qnax  Qmax Qs Qrax
Duration Date
Gulf of Mexico — Missouri Sub-basin of Mississippi River Basin
23 Milk R. at the Western Crossing of International Boundary, AB 1931-1985; 83 Slight regulation .146 116 111 .200
(11AA025) 1987-2014 187 120 204 .008
24 Marias R. near Shelby, MT (USGS 06099500) 1904-1907; 109 Slight regulation —.090 -.079 .036 .055
1911-2013 352 223 636 .400
25 Teton R. near Dutton, MT (USGS 06108000) 1955-2013 59 Almost free- —-.361 -236 _ 170 —.021
flowing .005 .008 103 814
26 Sun R. near Vaughn, MT (USGS 06089000) 1934-2013 80 Extensive 174 -.165 -.104 .047
diversions 123 .031 249 541
27 Missouri R. at Toston, MT (USGS 06054500) 1890; 80 Moderate -.225 _125 —.094 —.046
1911-1916; regulation .045 100 287 .549
1941-2013 -
28 Gallatin R. near Gallatin Gateway, MT (USGS 06043500) 1890-1894; 84 Free-flowing .093 104 —-.023 —.066
1930-1969; 401 163 791 378
1972-1981;
1985-2013
29 Madison R. near West Yellowstone, MT (USGS 06037500) 1915-1917; 85 Free-flowing 264 190 126 —.148
1919-1973 .015 010 141 .047
1983-1986
1989-2013
30 Yellowstone R. near Livingstone, MT (USGS 06192500) 1897-1905; 90 Free-flowing .042 .038 .029 —.164
1928-1932; 697 601 724 .024
1937-2013
index, the total storage capacity of the onstream reservoirs along __ 1200
the river and it tributaries upstream from the gauging location 2
(based on websites of the respective agencies) as a percentage pro- £ 1000}
portion of the average total annual flow. This provided four status a y = 1.56x + 12
categories: free-flowing (unregulated), or slight (up to 15%), mod- = a0l R2=0.97
erate (16-30%) or extensive (>30%) regulation. We subsequently o
rejected the regional rivers with extensive regulation and, along qg’a 600 |
with our requirements for relatively intact watersheds and a min- 8
imum half-century time series, this resulted in 30 study rivers and 3
reaches (Table 1a—c). 2 400
Discharge (Q) records were obtained from the online ‘HYDAT’ =
data set of the Water Survey of Canada for Canadian rivers E 200 |
(http://www.wsc.ec.gc.ca/applications/H20/index-eng.cfm)  and ‘2"
the United States Geological Survey website for American rivers 0 ‘ : : : ‘ ‘
0 100 200 300 400 500 600 700

(http://waterdata.usgs.gov/nwis, both accessed to January 2015).
We assessed peak flows as the maximum mean daily discharges
(Qmax), since the instantaneous peak (Qme.i) records are often
incomplete for the early intervals. Either approach would be
almost identical, since very tight associations exist between Q;qx
and Qyqx.; for these medium to large rivers (e.g. Bow River at Banff
(#5); Qumax-i = 1.037 X Qpax; 1* = 0.993). These Rocky Mountain river
systems consistently display ‘nival patterns’ with maximum
annual flows in the open water interval (Burn and Whitfield,
2015) and we included only peaks from May through October to
avoid localized winter floods from ice jam events. For the Elk River,
we coordinated peak discharge data from sequential gauges that
displayed 95% correspondence (Fig. 2).

We developed spreadsheets with five river discharge parame-
ters for the interannual time series for each river (Table 1, Fig. 3).
These included (1) the Quqx and to normalize the distribution for
the parametric Pearson correlation the Q. values were also log-
transformed (2). We assessed the occurrences of moderate to
major floods, considering peaks exceeding the 1-in-5 year recur-
rence (Qs). These substantial floods would considerably exceed
the bank-full discharge for these cool-region rivers where ice for-
mation and break-up can widen the channels (Smith, 1979;
Polzin and Rood, 2006). The Qs thresholds were calculated with
the log Pearson Type III distribution that closely fit the data series

Maximum Discharge Fernie (m?/s)

Fig. 2. The maximum discharge of the Elk River at Fernie, BC versus at Phillips
Bridge, BC (#20) for the overlapping historic record. This illustrates the coordina-
tion of discharge data across sequential gauges enabling extension of the time
series.

through the Qs range. We investigated the occurrences of these
substantial floods over the historic intervals (3) and assessed
whether there were more in the recent versus prior halves of the
time series, with the y? (chi-square) test and an expected equal
split for the two half-series. We also assessed the durations of
moderate to major floods as the numbers of days (including 0) that
the flow exceeded the Qs (4) and investigated trends in these flood
durations. The final parameter was the Julian date of the peak flow
(5), allowing investigation of changes in peak timing.

Statistical analyses investigated trends for each parameter over
the interval of record, with the parametric Pearson r and the non-
parametric rank-order tests, Kendall T b, and Spearman’s p, using
SPSS19 (IBM, Armonk, NY). The Kendall and Spearman’s tests pro-
vided very similar outcomes and we only present the Kendall
results. The Pearson test results were also generally consistent
with the non-parametric tests and to streamline the Results tables
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Year

Fig. 3. The mean annual discharge for five free-flowing rivers and the slightly regulated Red Deer River that all flow to the Hudson Bay. Regression lines are plotted for
significant (p < 0.05) declines and the Kendall 7 test indicated a declining trend for the Waterton River (p = 0.06). The horizontal dashed line represents the Qs value for the
data set and the vertical gray line represents the midpoint of the time series for each river.

we present the Kendall test results for all parameters and the Pear-
son test results only for the annual maxima (Tables 1a-c).

To investigate regional trends in the peak flows, we applied the
regional Kendall test (RKT) (Helsel and Frans, 2006) using the
library rkt (Marchetto, 2015) in the programming language R.
The RKT is a non-parametric rank-order test that performs a stan-
dard Mann-Kendall test on all individual rivers within a specified
grouping separately, and then evaluates their results for an overall
trend. Since each river had more than 15 data points, we corrected
for inter-block covariance by calculating p-values for significance
with the original Regional Kendall test as well as with the test
modified to account for serial dependence (Helsel and Frans,
2006). We grouped the data into the Arctic, Pacific, and Gulf of
Mexico drainages but excluded the four moderately regulated
rivers.

To investigate possible correspondence with the PDO, yearly
PDO conditions were categorized as either positive or negative
based on values from the University of Washington (http:

washington.edu/pdo/PDO.latest). Positive intervals, which are
often characterized by warmer and drier conditions in western
North America (Whitfield et al., 2010), were assigned to the peri-
ods 1934-1943, 1957-1960, 1976-1988, 1992-1998 and 2002-
2006. Conversely, negative phase intervals, frequently associated
with cooler and wetter conditions were assigned to 1916-1922,

jisao.

1944-1956, 1961-1975, 1989-1991, 1999-2001 and 2007-2013.
Years in which Qs values were exceeded were assessed as either
PDO positive or PDO negative and the distribution across these
two groups was assessed using a y? analysis with the expected val-
ues reflecting the number of record years with the alternate PDO
phases for each river’s peak flow time series. This was undertaken
for each drainage region and for the collective data set.

3. Results
3.1. Historic trends in annual peak flows

From the 30 rivers and reaches that were free-flowing or
slightly to moderately regulated, eleven displayed statistical pat-
terns (11 p<0.1; 8 p<0.05; Tables 1a-c). Ten of these displayed
declining peaks, a proportion significantly different from a random
distribution (10 of 11 »x*=7.36, p=0.007 for all y? presented,
df = 1). For the full set of rivers and reaches, 21 of 30 displayed neg-
ative correlation coefficients, further indicating an overall pattern
of declining annual peaks (2 = 4.80, p = 0.029).

There were apparent differences across the three watersheds.
For the rivers flowing north or northeast to the Arctic Ocean or
Hudson Bay, 12 of 14 displayed negative correlation coefficients,
strongly indicating regional peak flow decline (y%=7.14,
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p =0.008; Table 1a). This conclusion was also supported with the
significant regional Kendall test (RKT) result (Table 2).

Conversely, there was no consistent pattern for annual peaks of
the Pacific drainages (5 of 8 with negative coefficients, p = 0.405;
Table 1b), and this conclusion was supported by the non-
significant RKT result (Table 2). There was no overall pattern for
the Gulf of Mexico drainages (4 of 8 negative, p = 1.00; and non-
significant RKT result, Table 2), but apparent regional variation
(Table 1c). The Madison River near West Yellowstone, MT was
the single river that displayed a significant increasing trend, and
the adjacent Yellowstone and Gallatin Rivers also displayed posi-
tive but not significant trends (Table 1c). Conversely, three of the
more northerly rivers in the Missouri River basin displayed declin-
ing trends (Table 1c). This suggested variation within this water-
shed and patterns for the northern drainages were more similar
to the nearby Hudson Bay drainages.

3.2. Substantial floods

Our next consideration assessed peak flows that exceeded the
Qs, indicating substantial overbank flood events. Similar to Milly
et al. (2002), we investigated whether these substantial floods
were more prevalent in the recent versus earlier half of each time
series. Specific intervals varied across the rivers since the com-
mencement years varied and there were gaps in some historic
records (Tables 1a-c).

Historic patterns are plotted for the rivers that drain the Cana-
dian east-slope national parks since this region provided the stron-
gest pattern in the annual peak flow series (Table 1a). In Fig. 3, the
dashed lines indicate the Qs thresholds and for each plot, the ver-
tical line splits the time series in half. For the rivers that drain to
the Arctic Ocean and Hudson Bay, in 10 of the 14 cases there were
more floods in the earlier than later half-series (y%=2.57,
p=0.109), also opposing flood intensification over the past cen-
tury. The collective record for the moderate floods in this region
supported that analysis, with 99 peaks exceeding the Qs in the
early half-series versus 73 in the recent half-series, differing from
a random 1:1 ratio (% =3.93, p = 0.048).

Of the 30 study rivers and reaches, only the Red Deer River dis-
played a significant declining trend in the flows greater than the Qs
over the record (Table 1a). Both the Teton River (Table 1c) and Bow
River at Banff (Table 1a) showed a tendency for a decrease in Qs
duration, while there was a tendency for increase along the slightly
regulated Bull River (Table 1b). Eighteen of these 30 provided a
negative correlation coefficient for flood duration, and this was
not statistically different from a random split.

Our investigation of peak flow timing was uncertain relative to
our prediction that annual peaks would be occurring earlier within
the year. Overall, 14 of the 30 rivers and reaches displayed appar-
ent negative correlation coefficients (Tables 1a-c), indicating little
effect (3% = 0.133, p = 0.715). There were significantly earlier peaks
along the Yellowstone and nearby Madison Rivers (Table 1c) but

Table 2

Results from the regional Kendall test (RKT) that investigates interannual trends in
annual peak flows for multiple rivers, with watershed groupings. Rivers with
moderate regulation were excluded (Table 1).

Watershed Standard model  Corrected for Slope

covariance

Variance p

818,392  0.000

Variance p

3,528,379 0.050 —.238

Arctic Ocean and Hudson
Bay

Pacific Ocean

Gulf of Mexico, Atlantic
Ocean

515,727 0.718
566,122 0.719

2,097,867 0.858 —.037
2,448,509 0.863 -.054

there were apparently later peaks along the Castle, Milk and Elk
Rivers (Tables 1a-c), suggesting some regional differentiation in
the hydrologic patterns. Overall, these results indicate that the tim-
ing of flow peaks has not changed as substantially as the advance-
ment of the spring peak along these same rivers (Rood et al., 2008).
While there were uncertain trends in peak timing, a spatial pattern
was clear, with later peaks occurring at higher latitude (Fig. 4).

The investigations demonstrated significant coordination
between the Qs flood flows and the phase of the Pacific Decadal
Oscillation (PDO, Table 3). For all three drainage regions, Qs peaks
were apparently more common during the PDO negative phase and
less common during the PDO positive phase. For the overall assess-
ment, the Qs peaks were about one-third more common (31%) dur-
ing the PDO negative phase.

4. Discussion

Following from the anticipated amplification of the water cycle,
the flood intensification hypothesis predicts that floods would
become more severe with climate change and particularly global
warming (Huntington, 2006; Karl and Melillo, 2009; Durack
et al.,, 2012). We tested this prediction by analyzing the historic
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Fig. 4. The mean Julian day of the maximum flow versus the latitude of the gauging
station for the study rivers.

Table 3

The interannual coordination between the Pacific Decadal Oscillation (PDO) phase
and flood events (>Qs) for the 30 study rivers (df=1 for y?). The expected value
reflects the proportion of years in the particular records with negative (—) versus
positive (+) PDO phases.

Drainage Region PDO Phase Observed Expected

Arctic Ocean and Hudson Bay

%*=27.1,p<.001 - 146 109.5
+ 53 89.6

Pacific Ocean

%*=19.1, p<.001 - 95 70.4
+ 33 57.6

Gulf of Mexico

%*=5.9,p<.02 - 78 64.9
+ 40 53.1

All Rivers and Reaches

%*=50.1, p<.001 - 319 244.75
+ 126 200.25
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records for the annual peak flows along 30 rivers and reaches
draining relatively pristine headwaters in the North American cen-
tral Rocky Mountains. Our study outcome clearly opposed the flood
intensification prediction. Instead, we found that annual flow
peaks had declined along a number of the rivers. Thus, peak flows
did not increase but instead there were trends of flood moderation
over the past century.

There was regionalization of this response and the strongest
patterns were observed for the rivers draining the Canadian Rock-
ies to the northeast (Table 1a). There were negative coefficients for
twelve of these fourteen reaches, with statistical differences or
trends for six, and four more with tendencies (p < 0.2). However,
while peak flows have thus historically been declining, major
floods still persist, including the 2013 flood of the Bow River Basin
and through Calgary, Alberta, which may have provided the most
costly natural disaster in Canadian history.

There was uncertainty in the historic patterns of peak flows for
the drainages to the Gulf of Mexico, and especially the Pacific
Ocean (Table 1b). There were significant declines for some rivers
in the Missouri River system and probably more so for the northern
rivers closer to the Hudson Bay Divide. The Pacific drainages
showed little evidence for changes in peak flows, even though
some of these records exceeded a century and should thus have
been sufficient to dampen the influence of the Pacific Decadal
Oscillation and reveal progressive trends (Whitfield et al., 2010).

Other researchers have also investigated trends in peak flows
for North American rivers with relative unaltered sites. Lins and
Slack (1999) and McCabe and Wolock (2002) assessed locations
within the American Hydro Climatic Data Network (HCDN) and
found few statistically significant patterns in peak flows from
1941 to 1999. Villarini et al. (2009) reviewed American studies of
the early 2000s, and undertook further analyses to reach the same
conclusion, that there had not been substantial changes in annual
peak flows of the American rivers in our study region.

Prior studies have generally assessed common time series but
this reduces the record durations and the prospects for detecting
statistical trends that are superimposed on the naturally variable
patterns (Merz et al., 2012). This strategy was applied for Canadian
rivers by Cunderlik and Ouarda (2009) who found declining annual
peak flows for some rivers over the short interval from 1974 to
2003. Some of the rivers in our study were included in that study
but there were no statistically significant trends for these rivers
over the shorter interval. Subsequent analyses by Burn and
Whitfield (2015) investigated patterns from 1961 to 2010 and
found some declines in peak flows in the Canadian Rocky Mountain
rivers draining to Hudson Bay and the Arctic Ocean, consistent
with our findings. In contrast to our findings for Pacific drainages,
Burn and Whitfield (2015) reported some declines but their analy-
sis included rivers with greater variation in land-use development
and regulation, thus confounding the prospective influence from
climate change.

For American rivers, Hirsch and Ryberg (2012) sought to maxi-
mize the historic intervals for each river, investigating records with
85-127 years duration, and found statistically significant trends
for some American rivers and particularly declining peak flows in
the interior region of the American southwest. For their northwest
region that included parts of the Rocky Mountain corridor that we
investigated, slight patterns suggested declining peak flows for
their study intervals up to 2008.

Like Hirsch and Ryberg (2012) we have sought the longest avail-
able records in our studies (Rood et al., 2005, 2008). We have even
extended the data series by coordination across sequential hydro-
metric gauges and by interpolation for short data gaps. With the
lengthening data series and the consideration of rivers in both
Canada and the United States, our study provides a fairly confident
outcome, which is generally consistent with the prior reports. This

rejects the hypothesis that peaks are increasing. Instead, our longer
term analyses complement the Hirsch and Ryberg (2012) and Burn
and Whitfield (2015) studies, indicating the opposing response,
with declining peak flows along some Rocky Mountain rivers.

A complexity with these trend analyses is contributed by the
PDO. As expected, we found coordination, whereby substantial Qs
floods were more likely to occur during the negative phase of the
PDO. We had previously found even stronger correspondence
between the PDO and annual flows of these rivers (Rood et al.,
2005). The partial correspondence between Qs floods and the
PDO was observed for all three drainage regions and is relevant
for studies of trend detection associated with climate change,
and also provides a prospective management measure. Dam and
reservoir management could increase consideration for flood pro-
spects when the PDO phase is negative, and conversely, there is
reduced flood risk when the PDO phase is positive.

4.1. Flood moderation: the underlying mechanism

With the conclusion that annual peak flows have been declining
for some Rocky Mountain rivers, we may consider the underlying
processes. While there was the proposal that global warming
would amplify the water cycle and thus intensify floods
(Huntington, 2006; Karl and Melillo, 2009; Durack et al., 2012),
an alternate outcome would be reduced flooding with warming
conditions. This might match the seasonal pattern in which
weather conditions in many regions of North America involve
spring seasons that are cool and wet and produce river floods,
while the warmer summer is characterized by lower precipitation
and fewer floods. This correspondence between cooler and wetter
conditions, and major floods also apparently matches the
7,000 year geologic record for the Mississippi River system (Knox,
1993).

To analyze the underlying mechanism of the decline in peak
flows from some rivers in this Rocky Mountain region, we consid-
ered the regional hydrological consequences of climate change.
This present study of historic peak flows followed two studies of
the same rivers in which we first investigated patterns in overall
annual flows over the past century (Rood et al., 2005), and subse-
quently investigated changes in the seasonal patterns of those river
flows (Rood et al., 2008). The results from those prior studies are
combined with the current results to develop a likely mechanism
for the moderation of peak flows, as displayed in Fig. 5. Our first
finding (Fig. 5, ‘1’) was declining annual flows over past century
(Rood et al., 2005), with typical decline rates of ~2% per decade.
Associated with this reduction in the overall river flows, there
would be a corresponding reduction in the general contributions
to peak flows. The lower overall flows would probably also reflect
correspondingly dryer watersheds and this would increase the
availability for infiltration of some of the precipitation from heavy
rain events that are associated with peak flows (Whitfield et al.,
2010).

In this Rocky Mountain region the river flow seasonality has
also been changing over the past century (Regonda et al., 2005;
Rood et al., 2008). Regional warming has been greatest during
the cool, winter interval (Akinremi et al., 1999; Cayan et al.,
2001) and winter warming will increase the rain versus snow pro-
portions and elevational transitions (Knowles et al., 2006). This
results in increased winter flows (Fig. 5, 2’) and declining moun-
tain snow packs (Lapp et al., 2005; Mote et al., 2005; Rood et al.,
2008). This would reduce snow melt that represents winter precip-
itation that was temporarily stored as snowpack. Regional warm-
ing extends from the winter into the spring, and particularly
producing warmer nights. The interval of rapid snow melt relies
on night temperatures remaining above freezing and with the
night-time warming the commencement of the major snow melt
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Fig. 5. The prospective hydrological mechanism for flood moderation with climate
change, with scaling based on the Bow River at Banff, Alberta (#5). The numbers
represent the relevant changes: (1) declining overall annual flows over the past
century; (2) with winter warming there is an increase in the proportion of rain
versus snow and this increases winter river flows and decreases snow packs; (3)
with spring warming there is an advancement in the period of snowmelt, (4) the
timing of peak flows is relatively unchanged and there is consequently a longer
interval after snowmelt commences. These (3 & 4) reduce the snowmelt contribu-
tion to the peak and also reduce the extent of watershed saturation, decreasing
runoff from rain. The consequence of (1) through (4) is the reduction in annual peak
flows and there is also the subsequent decline in summer flows (5).

interval has become progressively earlier (Fig. 5, ‘3’), becoming two
to four weeks earlier for some regional rivers (Whitfield, 2001;
Regonda et al., 2005; Rood et al., 2008; Cunderlik and Ouarda,
2009). Daylength and solar insolation are not altered by climate
change, and with the shorter days and less intense sunshine in
early spring, the earlier snow melt would be slower, producing a
more gradual rise of the spring peak, as we observed (Rood et al.,
2008, Fig. 5 ‘3’). While the period of major snow melt is commenc-
ing earlier (Rood et al., 2008), in this study we observed that the
timing of the flow peaks was relatively unchanged. There would
consequently be a longer snow melt interval prior to the annual
peak, leaving less snow melt to contribute to that peak (Fig. 5, ‘4’).
In this region, major river flow peaks and especially flood flows
result from the combination of snow melt and heavy rain on a sat-
urated watershed (Shook, 2015). The hydrological alterations
accompanying climate change would reduce two of these three
factors, with less snow melt contribution due to the transfer in
flow seasonality (Fig. 5, following ‘2’ and ‘3’), and lower watershed
saturation (Fig. 5, ‘1’) that would increase infiltration with a heavy
rain event. These changes would contribute toward the decline in
peak flows (Fig. 5, ‘4’), which we observed in this study. Following
the reduced peak flows, there subsequently be lower summer
flows (Fig. 5, ‘5%), as we previously reported (Rood et al., 2008).
Finally, these analyses emphasize annual flow peaks but there
could be somewhat different patterns for extreme flood events
(Merz et al., 2012; Shook, 2015). As displayed for the Castle and
Waterton rivers (Fig. 3), the historic series apparently includes
two separate distributions of peak flows. Modest peaks occur most
years providing the common contribution to the peak flow record.
Occasional, extreme flows are much higher than would be antici-
pated from a single, normal distribution, suggesting different
hydroclimatic influences. The extreme floods might thus follow
from a rare combination of weather events (Shook, 2015) and as
these events are more fully investigated, there could be a better
understanding of the influences from climate change on extreme
floods. Thus, while our study demonstrates that annual flow peaks
are declining along some Rocky Mountain rivers, an understanding

of the possible pattern for extreme floods will require a longer time
series.
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Abstract

Transformations of precipitation into groundwater and streamflow are fundamental hydrological
processes, critical to irrigated agriculture, hydroelectric power generation, and ecosystem health.
Our understanding of the timing of groundwater recharge and streamflow generation remains
incomplete, limiting our ability to predict fresh water, nutrient, and contaminant fluxes, especially
in large basins. Here, we analyze thousands of rain, snow, groundwater, and streamflow 6*0 and
6°H values in the Nelson River basin, which covers 1.2 million km? of central Canada. We show
that the fraction of precipitation that recharges aquifers is ~1.3-5 times higher for precipitation
falling during cold months with subzero mean monthly temperatures than for precipitation falling
during warmer months. The near-ubiquity of cold-season-biased groundwater recharge implies
that changes to winter water balances may have disproportionate impacts on annual groundwa-
ter recharge rates. We also show that young streamflow—defined as precipitation that enters a
river in less than ~2.3 months—comprises ~27% of annual streamflow but varies widely among
tributaries in the Nelson River basin (1-59%). Young streamflow fractions are lower in steep
catchments and higher in flatter catchments such as the transboundary Red River basin. Our find-
ings imply that flat, lower permeability, heavily tiled landscapes favor more rapid transmission of

precipitation into rivers, possibly mobilizing excess soluble fertilizers and exacerbating eutrophi-

KEYWORDS

1 | INTRODUCTION

Secure groundwater and surface water supplies are critical for agricul-
ture, hydro-electric energy production, and municipal water supplies in
the 1.2 million km?, semiarid, Nelson River basin of west-central
Canada. Despite the critical importance of groundwater and rivers in
this prairie region, the passage of precipitation into aquifers and rivers
is not fully understood. There are numerous features of prairie
hydrology that remain poorly understood, two of which we investigate
in this study.

First, we test for seasonal differences in the groundwater recharge
ratio—defined as the fraction of precipitation recharging the aquifer.
Recharge ratios are often biased to the colder months (e.g., spring
snowmelt) or when rainfall is most intense (Dripps & Bradbury, 2010;
Earman, Campbell, Phillips, & Newman, 2006; Florea, 2013; Grasby,

cation events in Lake Winnipeg.

deuterium, groundwater, isotope hydrology, oxygen-18, recharge, transit time

Osborn, Chen, & Wozniak, 2010; Jasechko & Taylor, 2015; Jones &
Banner, 2003; O'Driscoll, DeWalle, McGuire, & Gburek, 2005; Rose,
2003; Simpson, Thorud, & Friedman, 1972; Vogel, Ehhalt, & Roether,
1963). However, few studies have explicitly quantified seasonal
groundwater recharge ratio biases, and fewer still have quantified
large-scale spatial distributions of recharge-seasonality biases (e.g.,
Sanchez-Murillo & Birkel, 2016). Understanding the spatial patterns
and variability of recharge ratios is important in order to help pre-
dict how groundwater recharge may respond to climatic shifts or
to decadal-scale changes to seasonal water balances, and to inter-
pret the many isotope-based records of quaternary climate such
as speleothems and fossil groundwater (e.g., Bertrand et al., 2017;
Chen et al., 2003; Clark, Stute, Schlosser, Drenkard, & Bonani,
1997; Darling, Edmunds, & Smedley, 1997; Edmunds & Wright,
1979; Jasechko et al., 2015; Phillips, Peeters, Tansey, & Davis,
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1986; Plummer, 1993; Wagner et al,, 2010; Wang et al., 2001;
Wang et al., 2017).

Second, the proportion of central Canadian river flows derived
from recently fallen rain or snow remains largely unknown. Although
numerous hydrometric-based studies have evaluated how river dis-
charges respond to rain or snowmelt pulses, most of these studies
evaluate propagations of pressure (celerity) rather than movements
of water molecules (velocity; McDonnell & Beven, 2014). Stable iso-
topes of water (*°0, 180, 'H, 2H) are intrinsic tracers of water move-
ment and can help to constrain the time lags required for
precipitation to move into streams—that is, the velocity at which pre-
cipitation traverses landscapes and enters rivers (DeWalle, Edwards,
Swistock, Aravena, & Drimmie, 1997; Klaus & McDonnell, 2013;
Matoszewski & Zuber, 1982; McGuire et al., 2005; McGuire &
McDonnell, 2006; Morgenstern, Stewart, & Stenger, 2010; Sanchez-
Murillo, Brooks, Elliot, & Boll, 2015; Sklash & Farvolden, 1979; Tetzlaff
et al., 2009). Evaluating the time that precipitation takes to flush
through a landscape and enter the river network is important in order
to better (a) quantify chemical weathering rates (e.g., Maher, 2010), (b)
understand and predict riverine nutrient concentrations (Hornberger,
Bencala, & McKnight, 1994), (c) evaluate how rapidly catchments can
convey surficial pollutants into rivers (Kirchner, Feng, & Neal, 2000;
McDonnell et al., 2010), and (d) test how well hydrologic models
simulate the ways that actual catchments store and release water
(Kirchner, 2006). However, there are no isotope-based studies that
evaluate water transit times in rivers spanning central Canada. Hence,
our understanding of the time that water spends in these catchments
remains unclear, especially at large spatial scales extending beyond
small experimental catchments (<10° km?). Expansive (10°-107 km?)
isotope-based investigations of hydrological processes and river and
groundwater connectivity remain relatively rare, and therefore, the
broader relevance and applicability of some small-catchment-scale
findings remains uncertain.

The objectives of this study are to map across the 1.2 million km?
Nelson River basin (a) seasonal biases in the fraction of precipitation
that recharges aquifers and (b) fractions of river discharges derived from
precipitation that fell within the past ~2.3 months (denoted “young
streamflow”). Quantifying the seasonality and time lags of aquifer
recharge and streamflow generation across this expansive Canadian
watershed is important not only to improve how we conceptualize
cold-region hydrological processes but also to help better manage

water quality under changing environmental and land-use conditions.

2 | THE NELSON RIVER BASIN

The Nelson River watershed is comprised of several large subbasins
including the Winnipeg River, the Red River, the Assiniboine River,
and the North and South Saskatchewan River subwatersheds. The
Nelson River watershed discharges northeastward into the Arctic
Ocean at Hudson Bay. Basin geology is characterized by sedimentary
rocks that are typically covered with Pleistocene-aged low-permeabil-
ity glacial-clay-containing tills or glacio-lacustrine sediments. The
Nelson basin includes several medium-sized population centers (~0.5

to ~1 million persons), where rivers supply the primary drinking water

source for most inhabitants (~92%; Statistics Canada, 2013). In rural
areas, free-flowing and impounded rivers often provide water for
irrigated agriculture. About 80% of rural populations rely, at least
partially, on groundwater for water supply (Statistics Canada, 2012).

The Nelson River's long-term (years: 1964-2000) average
discharge to the Hudson's Bay is ~100 km®/year (equating to
~85 mm/year mean annual runoff), ranking its discharge ~32nd among
rivers flowing into the oceans (Dai & Trenberth, 2002; Déry, Stadnyk,
MacDonald, & Gauli-Sharma, 2016). The basin is characterized by a
wide range of landscapes, ecozones, topographies, geologic substrates,
and climatic conditions. Natural ecoregions include alpine forests in the
western headwaters, grasslands throughout the southern and central
plains, and boreal plains and forests in the northern and the eastern
regions. In the western part of the basin, the headwaters of the North
and the South Saskatchewan Rivers drain eastern Rocky Mountain
slopes towards the boreal and prairie plains. To the southeast, the
Red River drains much of the clay-rich, low-relief area of former glacial
Lake Agassiz. In the eastern portion, the Winnipeg River mostly drains
boreal forest regions (St. George, 2007). Lakes, rivers, or wetlands
cover ~9% of the Nelson River basin, with the largest open surface
water areas in the low-relief eastern portions of the basin (~15% of
the landscape; data from Lehner & Doll, 2004). A few large natural
lakes and reservoirs store river water for multiyear timespans (Donald,
Parker, Davies, & Leavitt, 2015) and are used for water supply, irriga-
tion, and hydroelectric power generation (e.g., Lake Diefenbaker in
south-central Saskatchewan and Lake Winnipeg in central Manitoba).

Nelson subbasins have average slopes that range from a high of
~8% in the Rocky Mountain headwater areas to ~0.1% in the Red River
valley of south-central Manitoba (Figure 1b). Mean annual tempera-
tures are highest along the basin's southern boundary (2-6 °C) and
lowest at the Nelson River outlet at Hudson Bay (-5 °C; data from
New, Lister, Hulme, & Makin, 2002). Mean monthly maximum and min-
imum basin temperatures are =14 °C in February and +17 °C in August
(New et al., 2002). Annual precipitation rates are highest in the Rocky
Mountain headwaters (700-1000 mm/year) and lowest in the semiarid
central portion of the basin (300-400 mm/year), with an overall basin-
wide average of ~500 mm/year (New et al., 2002). Most of annual pre-
cipitation inputs occur between late spring and late summer (~April-
September), summing to about two thirds of total basin-wide annual
precipitation. Agriculture is the primary land use, and cultivated areas
cover ~45% of the basin (~33% cropland, ~11% pasture; Ramankutty,
Evan, Monfreda, & Foley, 2008). Croplands cover ~90% of the western
and southern parts of the basin where the growing season is longer
(cultivated land data from Ramankutty et al., 2008).

Large intra-annual temperature variations drive a highly seasonal
hydrologic regime. Subdrainages of the Nelson basin store seasonal
snowpacks that melt and result in peak discharges between late spring
and midsummer in some drainage systems. On the plains, some rain
and snowmelt is stored in closed-basin perennial or ephemeral
topographic depressions. A large proportion of these (semi) enclosed
evaporative water bodies are considered to be noncontributing,
although some may recharge local aquifers or “fill-and-spill” into down-
stream depressions or streams (Ehsanzadeh, van der Kamp, & Spence,
2012; Hayashi, van der Kamp, & Schmidt, 2003; Leibowitz & Vining,
2003; van der Kamp & Hayashi, 2009). The Nelson watershed also
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FIGURE 1

& 180 values of (a) groundwater and (b) rivers across the Nelson River basin (see Figure 2 for a zoomed-out view of the location of

the watershed). In panel (a), groundwater samples are denoted by x symbols. The §'80 data are interpolated across the basin (inverse distance
weighted). Areas >50 km from a groundwater sample are greyed out by diagonal lines. Groundwater §*80 values are highest in the east and
lowest in the west. Black lines denote Canadian provinces (British Columbia [BC], Alberta [AB], Saskatchewan [SK], Manitoba [MB], and
Ontario [ON]) and US state borders (Washington [WA], Idaho [ID], Montana [MT], North Dakota [ND], South Dakota [SD], Minnesota [MN],
and Wisconsin [WI]). In panel (b), average streamflow 620 values are depicted for all stations where at least five monthly samples were
collected. Like the groundwater data, streamflow 620 values are highest in the east, ranging from —7%o to -14%o. Average streamflow 50
values were lowest in rivers draining high-elevation Rocky Mountain catchments in the west (average 680 values ranging from -20%o to

-16%o)

contains small terminal lakes where the residual water is lost only to
evaporation and transpiration, as evidenced by the high salinity of

these (semi) closed hydrologic systems.

3 | ISOTOPIC DATA

Over ~20 years (1991-2012), several thousand water samples were
collected from rivers (n = 1,604), groundwater wells (n = 1,188),
and precipitation events (n = 615) and analyzed for their stable oxy-
gen and hydrogen isotope compositions by L. I. W. (e.g., Northern
River Basin Study Lake Winnipeg Research Initiative; Saskatchewan
Research Council Groundwater Network) and B. M. (Alberta Ground-
water Observation Network). Surface water samples were collected

close to the surface of these water bodies. The groundwater samples

were collected from boreholes screened within 200 m of the land
surface. For samples collected before 2009, hydrogen and oxygen
stable isotope compositions were measured by CO,-H,O equilibra-
tion for 80/%0 and H,-H,O equilibration or by Zn or Cr reduction
for 2H/*H analyses. Stable isotope analyses were conducted at Envi-
ronment Canada (Saskatoon, Saskatchewan, Canada) or the Univer-
sity of Calgary (Calgary, Alberta, Canada). Since 2009, isotope
compositions were measured by laser spectrometry using Los Gatos
Research or Picarro water isotope analyzers (Lis, Wassenaar, &
Hendry, 2008). The hydrogen and oxygen isotope compositions of

water samples are denoted zSszamme and 618053mp|e and defined by

<2H/1H)sample ) <2H/1H>V-SMOW

<2H/1H) x1000 (1)

2
6“Hy-smow =

V-SMOW
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(180/1éo>

V-SMOW %1000

18
6 Oy-smow =

V-SMOW

(2)

The stable isotope data were normalized to the VSMOW-SLAP
scales, where the assigned &°H and 60 values of SMOW/SLAP
reference water were 0/-428%o and 0/-55.5%o, respectively, through
the use of two carefully calibrated Environment Canada laboratory
water standards (INV1; -28.4/-219.0%., ROD3; -1.4/-5.1%o for
5§80 and 82H, respectively).

Additional precipitation §°H and &0 values for the Nelson
watershed were obtained from the United States and Canadian Net-
work(s) for Isotopes in Precipitation (e.g., Birks & Edwards, 2009;
Welker, 2000). Additional shallow groundwater isotope data were
provided by the Manitoba Water Stewardship and the University of
Manitoba (G. Phillips, Manitoba Water Stewardship, personal commu-
nication) and Alberta's Groundwater Observation Well Network.
Precipitation isotope data were obtained from the International
Atomic Energy Agency's Global Network of Isotopes in Precipitation
(www.iaea.org/water). Groundwater isotope data from the US part of
the Nelson basin was obtained from the Water Quality Portal adminis-
tered by the United States Geological Survey, the Environmental
Protection Agency, and the National Water Quality Monitoring
Council (waterqualitydata.us). Additional groundwater isotope data
were obtained from the primary literature sources: Baker, 2009;
Cheung & Mayer, 2009; Ferguson, Betcher, & Grasby, 2007; Ferguson,
Weinrauch, Wassenaar, Mayer, & Veizer, 2007; Fortin, van der Kamp,
& Cherry, 1991; Grasby et al., 2010; Huff, Woods, Moktan, & Jean,
2012; Lanza, 2009; Leybourne, Betcher, McRitchie, Kaszycki, & Boyle,
2009; Maulé, Chanasyk, & Muehlenbachs, 1994; Rock & Mayer, 2009;
Wallick, 1981; and Wassenaar, Van Wilgenburg, Larson, & Hobson,
2009.

4 | METHODS

Precipitation, groundwater, and river isotope data were compared in
order to determine (a) the seasonal bias in the fraction of precipitation
that infiltrates near surface aquifers (recharge ratio seasonality
methods—see Section 4.1; Jasechko et al., 2014), and (b) the fractions
of streamflow generated by precipitation that reached the stream in
less than 2.3 + 0.8 months (young streamflow methods—see Section
4.2; Kirchner, 201643, b).

4.1 | Seasonality of groundwater recharge ratios

We compared groundwater and precipitation stable isotope composi-
tions to quantify seasonal bias in the groundwater recharge ratio. First,
we calculated the precipitation amount-weighted isotope composition
of (a) long-term annual precipitation (Sp@annual), (b) the isotopic compo-
sition of precipitation falling during any month where the mean
temperature was <0 °C (Sp(coiay), and (c) the isotopic composition of
precipitation falling during any month where the mean temperature

was >0 °C (8pyarm)) following

12
12 5,0 P,
op = 2270 8 §)
iz Pi

where i represents any month where one of the following condi-
tions was met: (a) all months: &pannual, (b) months where the mean
temperature <0 °C: Sp(cold), and (c) months where the mean temper-
ature was >0 °C: Spwarm). FoOr our comparison of groundwater and
measured precipitation isotope compositions (Table 1), we used
precipitation isotope and mean monthly temperature measurements
reported in precipitation isotope databases (e.g., Canadian Network
for Isotopes in Precipitation; Birks & Edwards, 2009). For our pan-
basin geospatial analysis (Figure 4), owing to the fact that there are
few precipitation isotope stations, we used gridded monthly
precipitation isotope (Terzer, Wassenaar, Araguas-Araguds, &
Aggarwal, 2013) and mean monthly surface temperature data (New
et al., 2002).

We prescreened the groundwater isotope data and discarded 3%
of our groundwater isotope data (n = 40 out of n = 1,188) with
-10%0 (deuterium
excess = 6°H - 8 x §80; Dansgaard, 1964). Groundwater with such

low deuterium excess values may have been compromised by evapora-

deuterium excess values of less than

tion during storage, which would bias our comparison of groundwater

and precipitation isotope compositions. Annual precipitation
deuterium excess values range from +1.5%o to +8.8%o at six Canadian
locations (Figure 2).

After screening the groundwater isotope data for quality, the
isotopic compositions of precipitation (Sp(coid) Spwarm)» Op@nnuany) and
groundwater (6gw) were used to approximate differences in the
groundwater recharge ratio (recharge/precipitation, denoted R/P) of
precipitation falling during cold (<0 °C) versus warm (>0 °C) months

(Jasechko et al., 2014):

6w ~Op(warm)
(R/P)cold — \Sp(annual) ~Sp(warm) @)

(R/P)warm <766W_6P(m'd) ) .

8p(annual) ~Op(cold)

The unitless term (R/P)coia/(R/P)warm describes seasonal biases in
the groundwater recharge ratio, where values of less than one imply
that summer recharge ratios exceed winter recharge ratios, and values
of greater than one imply that winter recharge ratios exceed summer

recharge ratios.

4.2 | Young streamflow

For river stations, we compared seasonal 680 variations of river
waters against seasonal 6180 variations in the rivers' upstream catch-
ment precipitation inputs in order to estimate the fraction of young
streamflow flowing in the river (Kirchner, 2016a, b). First, we
prescreened the river isotope dataset for data quality. We removed
river stations having fewer than 10 60 and 6°H measurements or
with fewer than eight unique months during which a sample was
collected and analyzed for its isotope content (Jasechko, Kirchner,
Welker, & McDonnell, 2016). We analyzed the annual 5§80 cycle using
samples that were collected during different years, with sampling dates
spanning two decades in some cases. Our combining multiple years of

data are necessary because precipitation isotope data are not available
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TABLE 1 Shallow groundwater recharge ratios (recharge/precipitation) for colder (<0 °C) versus warmer (>0 °C) months

Precipitation when mean
monthly temperature > 0 °C

Precipitation when mean
monthly temperature < 0 °C

Annual
precipitation

C

&%H-
based

(Recharge /Precipitation)
(Recharge /Precipitation) , ;-

5180_

Groundwater®
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based

5%H (%o)

580 (%)

&2H (%o)

580 (%)

&2H (%o)

580 (%)

52H (%o)

Lon. (°) 580 (%)

Lat. (°)

Station

1.9
2.2
14.2

1.4
1.8

-144
-144
-149
-141
-136
-119

-18.3
-18.3
-18.6
-18.1
-17.1
-16.0

-126
-114
-102
-102
-108

-16.5
-14.8
-133
-13.6
-14.1
-11.1

-187
-201
-171
-187
-172
-175

-23.9
-26.2
-21.7
-24.4
-23.0
-23.1

-137
=il
-111
-120
-126
-104

-17.9
-17.1
-14.5
-15.6
-16.5
-14.2

-114
-114
-106
-104
-101

51

Calgary

54

Edmonton

10.3

52
52
54
51

Saskatoon

3.2

3.1

Wynyard
The Pas
Gimli

20
21

1.4
20

-81

-97

2All precipitation §*80 and 62H values were amount weighted to account for intra-annual variations in precipitation rates.

bAverage of samples within 100 km of a precipitation monitoring station.

during some years that river isotope samples were collected. There-
fore, our combining samples across multiple years add an
unquantified source of uncertainty to our results. These steps
excluded those river stations deemed to have insufficient data to
evaluate intra-annual streamflow isotope variability (Jasechko et al.,
2016). In total, for our analysis, we retained 34 of 84 river sampling
stations that met our ascribed minimum sampling frequency thresh-
olds. River isotope data are available in the Table S1.

The seasonal variability in the precipitation isotope input was
quantified by fitting cycle (sine and cosine) functions to the pre-
cipitation isotope time series. Interpolated vector coefficients
and their uncertainties (standard errors) were used to estimate
precipitation input cycle coefficients only for the catchment area
upstream of each river isotope sampling station (Jasechko et al.,
2016). Noncontributing portions of the watershed were excluded
from this geospatial analysis. The precipitation-isotope-cycle
amplitude was weighted by the spatial distribution of the inverse
of the standard error of the precipitation cycle amplitude. The lat-
ter step ensured that we down weighted those precipitation sta-
tions where seasonal &0 cycle coefficients were poorly
characterized.

Once the seasonal precipitation-isotope cycle was determined
for each upstream catchment for a single river station, we calculated
similar annual cycle coefficients for the individual river isotope time
series. The young streamflow fraction was then estimated straight-
forwardly by comparing the intra-annual cycle amplitudes of catch-
ment precipitation isotope compositions (Aprecipitation) and river
isotope compositions (A, Kirchner, 2016a, 2016b; Jasechko
et al., 2016):

Ariver

precipitation '

(5)

(Young streamflow) =

where Aprecipitation and Ayiver represent the square root of the sum
of the squares of the cosine and sine coefficients (i.e., A = [cosine
coefficient? + sine coefficient?]/?) for catchment precipitation and
streamflow, respectively. Uncertainties were obtained following

Gaussian error propagation.

5 | RESULTS AND DISCUSSION

5.1 | Groundwater isotope compositions

Groundwater 680 and 6%H values across the Nelson watershed
range from —24.1%o to —3.1%o (61%0) and -184%o to -54%o (52H),
respectively. Groundwater &80 values are lowest along the
Alberta-Saskatchewan border and highest in the eastern portion of
the basin (Figure 1a). Groundwater §'80 patterns are broadly consis-
tent with river and precipitation 6'80 patterns across North America
(e.g., Kendall & Coplen, 2001). Some groundwater 6'0 values vary
substantially over short distances, particularly sites located at the
southeast of Lake Winnipeg, where groundwater 5§20 values are
substantially 8O-depleted relative to both modern amount-
weighted annual precipitation 680 and nearby groundwater 680
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FIGURE 2 Deuterium excess values of precipitation (large circles, only in Canada) and groundwater (small x symbols and interpolated surface)
across the USA and in the Nelson River basin (outlined with black line; panel a). Deuterium excess values are higher in the eastern portions of
the Nelson River basin (and continental USA) than in the west. Areas more than 50 km from the nearest groundwater isotope measurement are
greyed out. Black lines are boundaries for States (Mexico, USA) and provinces (Canada). The plot in the top right (panel b) relates groundwater
deuterium excess and distance to the nearest coast for all groundwater isotope values shown in the figure. The median groundwater deuterium
excess is lower for inland locations, which generally have lower annual precipitation amounts than locations closer to coasts. Relatively high
deuterium excess values (>10%o) are found in the Laurentian Great Lakes region, where lake evaporate is known to contribute to local precipitation
downwind of the lakes. Mexico groundwater deuterium excess values are from Wassenaar et al. (2009)

values. Here, it is well known that former lake-bottom clays retain
paleowaters recharged by subglacial meltwaters from the late Pleisto-
cene (Ferguson & Jasechko, 2015; Ferguson, Betcher, et al., 2007;
Jasechko, 2016; Remenda, Cherry, & Edwards, 1994); thus, the 180-
depleted samples observed here may contain some late-Pleistocene
fossil groundwater, introducing a source of uncertainty into recharge
ratio seasonality results in this region.

Nelson basin groundwater deuterium excess values have a
10th-90th percentile range of -3.8%o0 to +10.4%o, similar to the
long-term average deuterium excess of precipitation measured at the
Canadian prairie precipitation isotope stations (range of +1.5%. to

+8.8%o0; Figure 2). Groundwater deuterium excess values are lowest

in the west and increase eastward across the Nelson River basin, in a
similar pattern to that of precipitation. The broad-scale, west-to-east
increase in Nelson basin deuterium excess is consistent with ground-
water and precipitation deuterium excess patterns observed through-
out North America, where deuterium excess values are lower in most
of the (semi) arid west and increase eastwards (Figure 2).

Some of the processes known to impact continental-scale ground-
water deuterium excess patterns include spatial variations in primary
oceanic moisture sources, air mass mixing, ice-liquid-vapor exchanges
and phase changes under nonequilibrium conditions, partial evapora-
tion of falling raindrops, moisture recycling via terrestrial evaporation

and transpiration, postdepositional evaporation, and water mixing
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within the soil or aquifer (Dansgaard, 1964; Gat, Bowser, & Kendall,
1994; Merlivat & Jouzel, 1979; Salati, Dall'Olio, Matsui, & Gat, 1979;
Stewart, 1975; Tian, Masson-Delmotte, Stievenard, Yao, & Jouzel,
2001). The continental-scale east-to-west pattern in groundwater
deuterium excess in the Nelson basin and across the United States
corresponds, broadly, to patterns of the boundaries of major moisture
sources to each region. Locations farther inland tend to have lower
deuterium excess values (Figure 2b), possibly indicative of variations
moisture sources, upwind evaporation-transpiration balances, or

partial evaporation of falling raindrops in these inland regions.

5.2 | River isotope compositions

River 5680 values in the Nelson basin are low in the northwest and
generally increase eastwards (Figure 1b). Relatively high 60 values

Catchment precipitation 80 [l

of streamflow (~7%o to —14%o) characterize eastern drainages includ-
ing tributaries of the Assiniboine, Winnipeg, and Red Rivers. Lower
river 580 values in western drainages (-21%o to —16%o) have rela-
tively large fractions of their drainage basins in high-elevation Rocky
Mountain landscapes (>2000 m above sea level), and may receive
larger proportions Pacific-sourced precipitation that has undergone
greater upwind rainout leading to lower precipitation 580 values.
Seasonal river 580 variations are smallest in the western headwa-
ters (annual amplitudes of less than ~0.5%o; Figure 3a and 3b), more
moderate in west-central drainages (annual amplitudes of ~1%o;
Figure 3c and 3d), and highest in the Red River and its tributaries in
the southeast portion of the Nelson basin (annual amplitudes of ~3%o;
Figure 3e and 3f). Different intra-annual 6*80 patterns were observed
in the western (Figures 3a-d) and southern (Figures 3e and 3f) rivers.
Seasonal river 680 variations in westernmost drainages are closely
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&§'80 = 0.23 cos(fx) — 0.21sin(fx) — 19.8

North Saskatchewan River at Whirlpool (avg. slope of ~8. 2%)
8'80 = —0.11 cos(fx) — 0.06sin(fx) — 20.1

=51 Cycle amplitude (6'%0) of 0.3%o iﬁ}w\yj =51 Cycle amplitude (6'®0) of 0.1%o
g -10] -10
=
v
> 15 -15 e
g — —
O Hotes 0] o o .
o 0 it 0t : ®
—25 —25
(@) (b)
-30 T T T T T T T T T T T -30 T T T T T T T T T T T
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
0 0 - -
North Saskatchewan River at Prince Albert (avg. slope of ~0 8%) Red Deer River at Bindloss (avg. slope of ~0.7%)
8'80 = —1.15cos(fx) — 0.69sin(fx) — 19.0 8'80 = —1.08 cos(fx) — 0.34sin(fx) — 17.6
-5 51 Cycle amplitude (5'%0) of 1.1%o0 =

7 Cycle amplitude (6'0) of 1.3%o

8'%0 (%0 V-SMOW)

(©)

(d)

0+ T T T T T T T T T T T
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

"Jan Feb Mar Apr IMay' Jun Jul IAug' Sep "Oct Nov' Dec

0 0
Red River at Emerson (avg. slope of ~0.2%) Assiniboine River at Headingly (avg. slope of ~0.3%)
&§'80 = —0.72 cos(fx) — 2.97sin(fx) — 9.6 8'80 = 0.53 cos(fx) — 2.60sin(fx) — 13.4
=7 ® ® =57 Cycle amplitude (6'°0) of 2.7%o
—-10 ‘ ~104

-15

8'%0 (%0 V-SMOW)

-20

=25

T Raaaa - T
Cycle amplitude (8"°0) of 3.1%o ‘ (e)

-15

Jan Feb Mar AprlMay' Jun Jul IAug' Sep "Oct Nov Dec

FIGURE 3
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Intra-annual streamflow 880 variations in Nelson River subcatchments (red circles). The size of the circle corresponds to river

discharge when the isotope sample was collected (see legend at the top). Blue ranges show the estimated range of precipitation §20 values
within the subbasins for each month (i.e., the range of precipitation gridded monthly precipitation 6§'20; Terzer et al., 2013). The black line shows
the cycle regression fitted to the streamflow data (equation is described in the top left of each panel). Insets show the approximate drainage area
for each study catchment. Panels (a) and (b) show data from two headwater rivers draining steep slopes (>5% grades) of the Rocky Mountains; they
show little variation in 6120 (6*80 cycle amplitudes of 0.3% and 0.1 %o). Panels (c) and (d) show data for rivers draining moderate slopes (~0.7% and
~0.8% grades) of the boreal plains, and show detectable 6120 variability (cycle amplitudes of 1.3 %o and 1.0 %o). Panels (e) and (f) show data for
rivers draining very low-relief prairie landscapes (~0.2% and ~0.3% grades), and show relatively large seasonal variability in riverine §*80 (cycle

amplitudes of 3.1%o and 2.7%o)
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captured by fitted sine and cosine cycles. Conversely, river §€0 vari-
ations in more southerly systems (e.g., Red River) show more abrupt
580 declines during the spring freshet, likely resulting from more

rapid shunting of spring snowmelt into river channels.

5.3 | Groundwater recharge biased to cold-season
precipitation

By comparing groundwater isotope compositions to annual amount-
weighted precipitation isotope compositions, we show groundwater
recharge to be biased to precipitation falling during colder months
(<0 °C) relative to precipitation falling during warmer months (>0 °
C) at all locations where there was sufficient precipitation isotope
data (Table 1). A geospatial analysis across the Nelson River basin
reveals widespread cold-season biased recharge in the Nelson River
basin, with 82% of groundwater measurement sites indicting higher
cold-season recharge ratios than warm-season recharge ratios
(Figure 4a). Across all of the groundwater sample collection sites,
the median (R/P)coid/(R/P)warm Vvalue is 2.8, and the upper-lower
quartile range is 1.3-5.1 (Figure 4). The distinctive cold-season bias
in shallow groundwater recharge is near-uniform across the central
portion of the Nelson River basin (Figure 4b).

Our finding groundwater recharge to be biased to winter precipi-
tation is consistent with small-scale studies completed in the Canadian
prairies (e.g., Grasby et al., 2010; Maulé et al., 1994) and with global-
scale point data (Jasechko et al., 2014). Our results build upon these
and other previous studies by quantifying and showing the near-ubig-
uity of cold-season bias in groundwater recharge across a large (~1 mil-
lion km?) extratropical river basin. It is possible that snowpacks that
accumulate during months with subzero temperatures do not recharge
until it melts later, potentially during a subsequent month with a mean
temperature exceeding O °C. The fact that groundwater recharge in
the Nelson basin derives disproportionately from cold-season precipi-
tation suggests that a unit change to winter water balances, through
climatic or stochastic changes in the hydrologic cycle, may have a
greater impact on annual groundwater replenishment rates in central

Canada than the same unit change to summer water balances.

-5

Critically, however, we note that only about one quarter (~23%) of
annual precipitation falls during months with subzero temperatures
(New et al., 2002). Our results therefore suggest that changes to win-
ter precipitation may have a disproportionate impact on annual
recharge; however, because warmer season rainfall comprises the
majority of annual precipitation, potential changes to summer water
balances may also be of key importance to annual recharge rates.

Our recharge ratio seasonality results are complicated by two
implicit assumptions: (a) that the isotope composition of the snowpack
remains unaltered until it melts, and (b) that a two-component mixing
model can be used to approximate recharge seasonality. First, snow-
pack isotope compositions tend to evolve towards higher %0 and
52H values over time (Earman et al., 2006; Rose, 2003), meaning that
our analysis could underestimate the actual §*0 and 8%H values of
the snowmelt. Hence, our estimated percentage of recharge derived
from cold-season precipitation may be an underestimate, strengthen-
ing our finding that cold-season precipitation contributes dispropor-
tionately to groundwater recharge. Second, our calculation implicitly
assumes that the recharge ratio for each of the two binned seasons
(cold versus warm) is consistent over each individual season, which is
an oversimplification. This assumption, however, is highly unlikely to
alter our main finding (cold season precipitation contributes dispropor-
tionately to groundwater recharge) but does imply that our results are
approximations of true (R/P)coid/(R/P)warm Values.

5.4 | Young streamflow in Canadian rivers

Across the Nelson drainage basin, young streamflow fractions range
between ~1% and 59% of annual river discharge (Figures 5 and 6;
Table 2). Low young streamflow fractions are also found in rivers
draining Rocky Mountain headwater catchments (n = 3; range of 2%
to 9%). Low young streamflow fractions exist, unsurprisingly, in rivers
directly downstream of large lakes or reservoirs (median of 4%; range
of 1% to 14%; n = 10; Figure 6). Wetland-rich drainages such as the
Winnipeg River system discharge little young streamflow, possibly
because precipitation is attenuated and mixed in fens and lakes prior
to entering main channels. The highest young streamflow fractions
among our study rivers exist in tributaries and the main stem of the
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FIGURE 4 Seasonal bias in the Nelson basin groundwater recharge ratio, defined as the proportion of seasonal precipitation that recharges the
aquifer. Panel (a) compares measured groundwater 6*0 values to estimated amount-weighted annual precipitation 620 values. The majority
(82%) of groundwater have lower groundwater §*0 values than amount-weighted annual precipitation 6180 values at the same location, revealing
a bias in groundwater recharge ratios toward colder months relative to warmer months. The seasonal bias in the groundwater recharge ratio is
shown in panel (b), where the axis “recharge ratio seasonality” refers to the term (R/P)coa/(R/P)warm (Where R and P refer to groundwater recharge,
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FIGURE 5 Young streamflow fractions calculated on the basis of the
intra-annual cycles of precipitation and streamflow &H for 34 rivers
in the Nelson basin. Each point represents one watershed in central
Canada. The intra-annual variability of streamflow §H and catchment
precipitation 6?H are related on the x and y axes, respectively; the blue
shades delineate estimated fractions of young streamflow. Many
catchments have a precipitation §2H cycle amplitude close to ~50 per
mille. River 62H cycle amplitudes vary between near zero to ~30 per
mille

Red River, which drains the Agassiz clay plains from Minnesota (USA)
into south-central Canada (median of 30%; range of 18% to 59%;
n = 11; Figure 6).

Young streamflow fractions are inversely correlated with the neg-
ative logarithm of the average topographic slope of the subbasin
(Figure 7), that is, steep watersheds tend to discharge lower young
streamflow fractions than flatter watersheds. Catchments with mean
slopes exceeding 5% all have relatively small young streamflow frac-

tions (<10% of annual streamflow). By contrast, the young streamflow

@ Little or no connection to major river network

fraction exceeds 15% in the majority (>90%) of flatter study catch-
ments with average slopes of less than 1%. High young streamflow
fractions in flat landscapes, and lower young streamflow fractions in
steep regions, further support the global-scale negative correlation
between young streamflow fractions and the logarithm of the average
topographic slope (Jasechko et al., 2016).

Our data for the Nelson basin rivers, along with the recent global-
scale analyses of rivers, reveal that the majority of river discharge from
mountainous catchments is derived from rain and snow that took more
than ~2.3 months to enter the river, whereas proportionally more dis-
charge from flat-lying landscapes reaches rivers relatively quickly (i.e.,
~2.3 months). Unlike the
streamflow in global rivers (Jasechko et al., 2016), here we were able

within recent assessment of young
to screen river data to consider only drainage basins that did not have
major reservoirs or natural lakes directly upstream. The negative corre-
lation between the young streamflow fraction and the logarithm of
topographic relief demonstrated here is substantially stronger than
the relationship presented for global rivers, likely because we include
fewer drainage systems regulated by dams in this analysis.

The climate and catchment characteristics that lead to the nega-
tive correlation between catchment slopes and young streamflow frac-
tions remain unclear and could be a focus for further study.
Differences in the architectures of drainage networks among Rocky
Mountain versus prairie plain catchments (e.g., McGuire et al., 2005)
likely impact these proportions of young streamflow in discharge.
Steep Rocky Mountain catchments are often characterized by rego-
sols, highly fractured bedrock, large clastic sedimentary valley fills,
and relatively deep water tables. Each of these mountain landscape
characteristics plausibly favor vertical infiltration of precipitation into
aquifers where the stored groundwater mixes before discharging at
springs to sustain river flows distinguished by delayed transit times
exceeding ~2.3 months. By contrast, the flat Red River subcatchments

are covered by low-permeability glacial tills and anisotropic clay soils

500 km Arctic Ocean (Hudson Bay)
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FIGURE6 Young streamflow fractions in rivers of the Nelson basin (§2H-based results). Triangles mark sampling stations on rivers that do not have
lakes or reservoirs directly upstream, and diamonds mark sampling stations downstream of lakes or reservoirs (numbers refer to site IDs in Table 2).
The median young streamflow fraction for rivers in the basin without regulation was 27% (62H-based calculations), similar to that of global rivers
(Jasechko et al., 2016). Rivers with lower young streamflow fractions than the median are shown as red-orange shades, and higher young
streamflow fractions than the median are shown as blue-purple shades. Rivers in the Red River watershed (lightest grey) had the highest fractions
of young streamflow (18% to 59%) and rivers draining the steep slopes of the Rocky Mountains had the lowest fractions. River sampling stations
downstream of large lakes and dammed reservoirs have young streamflow fractions of less than 15% (marked as diamonds)
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FIGURE 7 Young streamflow as a function of topographic slope in the
Nelson River basin (§2H-based results; error bars mark one standard
error). Rivers depicted here are not regulated directly upstream of the
sampling site. Rivers in steep regions (slopes of >5%) had little young
streamflow (<10% of annual streamflow), whereas the majority (90%)
of rivers draining low-relief watersheds (slopes of <1%) had young
streamflow fractions of greater than 15%. The correlation between
young streamflow (in units of percent of annual flow) and topographic
slope (in units of percent) is shown at the top of the figure panel and
marked by the light blue line.

with shallow water tables. Each of these flat landscape characteristics
plausibly favor shallow and fast overland flows, especially during
snowmelt (water table maps from Fan, Li, & Miguez-Macho, 2013;
Miguez-Macho, Li, & Fan, 2008). We also highlight that artificial drain-
age and surface diversion systems are widespread among the flatter
study catchments, meaning our results are likely impacted by land
use and hydraulic engineering practices. Recent geophysical investiga-
tions have highlighted that stress fields in flat topographical landscapes
do not favor the development of deep vertically oriented bedrock
fractures (St. Clair et al., 2015). Reduced potential for vertical fracture
development in flat landscapes may lead to lower macropore abun-
dances and, consequently, lower bulk near-surface permeability. One
plausible implication of such topography-fracture relationships may
be more rapid horizontal movements of rain and snowmelt via
shallower near-surface flow paths in flatter catchments. The inverse
relationship between young streamflow and slope that was observed
here is conceptually consistent with recent geophysical findings (e.g.,
St. Clair et al., 2015), but more research is required to confirm these
potential large-scale hydro-geophysical relationships.

Our general finding that rivers draining flatter catchments have
higher young streamflow fractions has important implications for
diffuse and point source nutrient and contaminant transport. Here,
we show that the Red River subbasin discharges high fractions of
young streamflow (18-59%). The Red River has total phosphorous
concentrations exceeding most Nelson River subbasins by about an
order of magnitude. Red River inputs comprise the largest source of
nutrients to Lake Winnipeg, where nutrient exceedances have led to
major eutrophication events (Bunting et al, 2016; Donald et al.,
2015; Schindler, Hecky, & McCullough, 2012). The large nutrient
loading of the Red River may be partially related to the drainage basin's
ability to quickly deliver snowmelt and precipitation to streams and

rivers within few months, although the importance of high young
streamflow fractions is almost certainly secondary to other factors
(i.e., land use). The widespread tile drainage systems in the Red River
basin may be artificially enhancing young streamflow fractions in the
Red River and, consequently, the ability of its subwatersheds to
quickly transmit excess nutrients to rivers. The relatively short time
lag between precipitation and runoff in the Red River subcatchment
leaves little time for biogeochemical reactions that may otherwise
partially immobilize or metabolize entrained nutrients before they

enter the Red River.

6 | CONCLUDING REMARKS

On the basis of an extensive spatio-temporal dataset of stable isotope
tracers obtained over 20 years in the Nelson River basin of central
Canada, we demonstrate that (a) cold-season recharge ratios
(recharge/precipitation) are ~1.3-5 times greater than warmer season
recharge ratios, (b) recent precipitation that fell within the past
~2.3 months comprises about one quarter of river discharge, and (c)
that flatter low-relief catchments discharge relatively high-propor-
tions young streamflow compared to steeper catchments. The implica-
tions are that hydrologic or climate changes affecting winter processes
(e.g., conversion from snow-dominated to rain-dominated precipita-
tion) may have a disproportionate impact on future groundwater
recharge fluxes, and that flatter catchments may favor faster shunting

of soluble pollutants to streams relative to steeper catchments.
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To assess potential future impacts on shallow aquifers by leakage of natural gas from unconventional energy re-
source development it is essential to establish a reliable baseline. Occurrence of methane in shallow groundwater
in Alberta between 2006 and 2014 was assessed and was ubiquitous in 186 sampled monitoring wells. Free and
dissolved gas sampling and measurement approaches yielded comparable results with low methane concentra-
tions in shallow groundwater, but in 28 samples from 21 wells methane exceeded 10 mg/L in dissolved gas and
300,000 ppmv in free gas. Methane concentrations in free and dissolved gas samples were found to increase with
well depth and were especially elevated in groundwater obtained from aquifers containing coal seams and shale
units. Carbon isotope ratios of methane averaged —69.7 + 11.1%. (n = 63) in free gas and —65.6 4- 8.9%. (n =
26) in dissolved gas. 5'3C values were not found to vary with well depth or lithology indicating that methane in
Alberta groundwater was derived from a similar source. The low §'3C values in concert with average 6*Hcys
values of —289 + 44%. (n = 45) suggest that most methane was of biogenic origin predominantly generated
via CO, reduction. This interpretation is confirmed by dryness parameters typically >500 due to only small
amounts of ethane and a lack of propane in most samples. Comparison with mud gas profile carbon isotope
data revealed that methane in the investigated shallow groundwater in Alberta is isotopically similar to hydro-
carbon gases found in 100-250 meter depths in the WCSB and is currently not sourced from thermogenic
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hydrocarbon occurrences in deeper portions of the basin. The chemical and isotopic data for methane gas sam-
ples obtained from Alberta groundwater provide an excellent baseline against which potential future impact of
deeper stray gases on shallow aquifers can be assessed.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

The recent expansion of shale gas and shale oil exploitation from un-
conventional energy resources in North America facilitated by horizon-
tal drilling and hydraulic fracturing has had a profound impact on global
fossil fuel supplies and costs (US Energy Information Administration,
2014; Mason et al., 2014). The rapid expansion of this industry in
North America has, however, also generated public concern regarding
the potential contamination of shallow groundwater, for example via
leakage of stray gas from deeper strata (CCA, Council of Canadian
Academies, 2014). Several peer-reviewed manuscripts have been pub-
lished demonstrating conclusively the impacts of stray gas from uncon-
ventional natural gas or oil reservoirs on shallow aquifers (e.g. Osborn
etal.,, 2011a,b; Jackson et al., 2013a,b; Darrah et al., 2014; and references
therein). A key pre-requisite for assessing current or potential future
impacts of stray gas leakage from unconventional energy resource de-
velopment on shallow aquifers is the establishment of a scientifically
defendable groundwater baseline that includes an understanding of
the occurrence and the origin of naturally occurring methane in shallow
aquifers (CCA, Council of Canadian Academies, 2014; The Royal Society
and Royal Academy of Engineering, 2012; ACOLA, 2013).

The ownership of energy resources in North America is typically pri-
vate (USA) and the regulators are the states (in the USA), while the
ownership in Canada is provincial. Different requirements for baseline
groundwater monitoring are typically developed by individual jurisdic-
tions. For instance, the province of Alberta (Canada) introduced baseline
well water testing requirements for coalbed methane development in
May 2006. This program requests that energy companies arrange for
sampling of groundwater from landowner wells in 600 m radius from
a planned energy well. The obtained water is analyzed for water quality
parameters including major ionic constituents (e.g. Ca, Na, K, Cl, F, SOy,
pH, alkalinity, and TDS), and free gas samples are obtained where possi-
ble for subsequent gas composition analyses and carbon isotope ratio
measurements on methane, ethane and CO, (AER Directive 35). In con-
trast, regulations in Colorado and Wyoming require groundwater sam-
pling in a radius of half a mile around a new energy well and analysis of
dissolved gas composition and isotope ratios (e.g. Colorado Oil and Gas
Conservation Commission COGCC Rules 609 and 318.e; Wyoming Oil
and Gas conservation commission, WOGCC). Other US states have
other regulations (e.g. New York State Department of Environmental
Conservation DEC; Pennsylvania Department of Environmental Protec-
tion, Office of Oil and Gas management). To the best of our knowledge,
there has been no systematic comparison of free gas and dissolved gas
sampling approaches for assessing the occurrence and the origin of
methane during shallow groundwater baseline sampling programs be-
cause most studies focus only on dissolved methane. Also, the variabil-
ities of chemical and isotopic parameters associated with different free
and dissolved gas samplings and analytical approaches, the extent of
natural variability in baseline gas compositions and isotopic finger-
prints, and the related question of the desirable frequency of groundwa-
ter baseline sampling have not been fully investigated yet. Furthermore,
guidelines for methane concentration alert thresholds are not identical
in the different jurisdictions where they exist. For instance, the Quebec
Ministry of Environment and the Pennsylvania Department of Environ-
ment Protection have set a threshold value of 7 mg/L for dissolved
methane in groundwater. Above this level, well owners have to take
measures to avoid the accumulation of gaseous methane in water
pipes and distribution systems. In contrast, the U.S. Department of En-
ergy recommends that “action is required” when dissolved methane

concentrations exceed 10 mg/L, since outgassing of methane and its ac-
cumulation may result in explosions.

Occurrence and origin of methane in shallow aquifers have been in-
vestigated in several natural gas and oil producing US states including
Pennsylvania (Osborn et al., 2011a,b; Warner et al., 2012, 2013a;
Darrah et al., 2012, 2014; Jackson et al., 2013a,b; Molofsky et al., 2013;
Siegel et al., 2015 Vengosh et al., 2013; Brantley et al., 2014;
Baldassare et al., 2014), Arkansas (Kresse et al., 2012; Warner et al.,
2013b), Colorado (Li and Carlson, 2014), Texas (Zhang et al., 1998),
and New York (McPhillips et al., 2014), among others. In Canada, similar
studies have been reported for part of Ontario (Aravena et al., 1995;
McIntosh et al., 2014), Quebec (Moritz et al., 2015) and Alberta
(Cheung et al., 2010; Van Stempvoort et al., 2005; Humez et al., 2015;
Rowe and Muehlenbachs, 1999; Tilley and Muelhenbachs, 2011). Sev-
eral of these studies have tested correlations between methane occur-
rence in groundwater and distance to oil or gas wells, density of
energy wells, geological settings and hydrogeochemical conditions. De-
tection of markedly elevated methane concentrations in groundwater
may indicate stray gas migration from deeper formations. However,
sampling of landowner wells with long screen intervals and often un-
known well completion and lacking maintenance records may not al-
ways provide conclusive results often triggering controversial debates
about the correct interpretation of the data (e.g. Jackson et al., 2013a,
b; Vengosh et al., 2014; Baldassare et al., 2014; Molofsky et al., 2013).
Where the occurrence of thermogenic methane in shallow groundwater
was detected, further questions arise on whether fugitive gas migration
occurs due to previous conventional oil and gas activities, due to anthro-
pogenic causes associated with development of unconventional energy
resources either via induced fractures or leaky well casings, or naturally
(Vidic et al,, 2013). Nevertheless, these studies revealed that geochem-
ical and isotopic approaches are highly suitable to differentiate between
shallow biogenic methane and deep mature thermogenic gas sources,
and are potentially capable of identifying the depth from which contam-
inating stray gases originate (e.g. Tilley & Muelhenbachs, 2011). There-
fore, establishing reliable and tested approaches comprised of effective
sampling strategies and accurate and reproducible analytical methods
for obtaining reliable information on the occurrence and sources of
methane in shallow groundwater using chemical and isotopic tech-
niques is of utmost importance for assessing future anthropogenic im-
pacts from unconventional oil and natural gas development.

The objective of this study was to assess the occurrence of methane
in shallow aquifers of the province of Alberta (Canada) and to use geo-
chemical and isotopic characteristics of dissolved and free gas phases to
determine the origin of methane. To achieve this, the variabilities of
methane concentrations and C isotope ratios due to sampling and ana-
lytical uncertainties, geographical distribution, well depth, and geologi-
cal formations in which the groundwater well is completed, were
evaluated. Another goal was to compare free gas and dissolved gas sam-
pling approaches to generate groundwater baseline data for samples
obtained from dedicated monitoring wells to facilitate the future detec-
tion of potential environmental impacts of oil and gas development on
shallow aquifers.

2. Background
2.1. Study site

The study was conducted in Alberta, Canada, a province with a long
history of conventional and unconventional energy exploitation.
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Conventional oil and natural gas have been produced from numerous
reservoirs in the province after a first natural gas find in 1883 and
more than 400,000 oil and natural gas wells have been drilled. More re-
cently, unconventional natural gas has been exploited from rather shal-
low coalbed deposits (200-800 m below ground) predominantly in the
Horseshoe Canyon Formation in and east of the Edmonton to Calgary
corridor (ECC) in the southeastern part of the province with a maximum
activity between 2006 and 2010. Shale gas exploration and exploitation
have also commenced in the last decade focusing on the Triassic
Montney and the Devonian Duvernay Formations. These unconven-
tional energy resources are located in the northwestern part of the prov-
ince typically at depths exceeding 1.5 km.

The provincial Groundwater Observation Well Network (GOWN) in
Alberta is a network of groundwater monitoring wells completed in var-
ious shallow aquifers throughout the province. The associated monitor-
ing program collects water level information together with geochemical
and isotopic data in order to record natural and human-induced fluctu-
ations of groundwater quantity and quality at sites identified as repre-
sentative of the various hydrogeological environments found in
Alberta. Today the GOWN consists of over 250 active observation
wells in Alberta with many wells located in coalbed methane (CBM)

production areas in the southeastern part of the province, but very
few wells exist in the shale gas development regions in the northwest.
Since 2006, dissolved gas and free gas samples (where possible) from
GOWN wells have been routinely obtained for chemical and isotopic
analyses.

2.2. Climate and hydrogeological characteristics of selected aquifers in
Alberta

The locations of GOWN water wells are presented in Fig. 1. The spa-
tial distribution of GOWN wells throughout Alberta is unequal with the
majority of water wells located within the Beaver River (East-central Al-
berta), North-Saskatchewan River (South-central Alberta), and South-
Saskatchewan River (Southern Alberta) drainage basins. Only a small
number of water wells are located in the Hay River, Peace River (North-
ern Alberta) and Milk River (Southern Alberta) basins. The Province of
Alberta has a wide range of hydrological conditions related to variations
in climatic and geological aquifer conditions. The average annual precip-
itation reported in the Edmonton-Calgary corridor (ECC), where the
density of water wells is the highest, ranges from 360 to 630 mm
(Riddell et al., 2014) with less precipitation in the southeastern portion

Fig. 1. Location of 186 GOWN wells sampled for this study in the province of Alberta. There are “QA/QC wells” (n = 66), “DG only wells” (n = 74), and “non-QA/QC wells” (n = 46): see

Section 3.3 for further explanations of these well classifications.
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of the ECC area relative to the northwest. Topography is highly variable
with: (i) the Rocky Mountains and the Foothills region along the west-
ern border of the province with the highest elevations >1000 m above
sea level (asl), (ii) the edge of the Canadian Shield in the northeast
with elevations <300 m asl, and (iii) the Interior Plains in the remaining
portion of the province with intermediate elevations.

GOWN wells are completed in aquifers either composed of surficial
deposits resulting from the last major glaciation or reach the bedrock.
The depth of the GOWN wells varies from 26 m to 250 m below ground
surface (bgs) accessing groundwaters from different shallow aquifers.
The aquifer lithologies vary considerably comprising fractured mud-
stone, sandstone and siltstone beds or lenses, pre-glacial sand, surficial
sandy and gravelly lacustrine or moraine deposits. The regional Upper
Cretaceous-Tertiary stratigraphy, differentiates many sandy clastic de-
positions including the (i) Lower Campanian Milk River formation
(and equivalents), (ii) Middle to Upper Campanian Belly River (Judith
River) Group (and equivalents), (iii) Upper Campanian to Lower
Maastrichtian Horseshoe Canyon Formation (and equivalents), (iv)
Upper Maastrichtian to Lower Paleocene Scollard Formation (and
equivalents), and (v) the Middle to Upper Paleocene Paskapoo forma-
tion (and equivalents). Four intervals of limited coarse-grained deposi-
tion can be found in the stratigraphy: (i) the Lower Campanian Pakowki
formation, (ii) the Middle Campanian Beapaw shales, (iii) the
Maastrichtian Battle Shales formation, and (iv) the upper part of the
Scollard formation (Dawson et al., 1994a,b).

Milk River sandstones consist of one or several sandstone beds inter-
bedded with shale (Meyboom, 1960) within shallow marine and shore-
line or minor fluvial deposits. Fine-grained sediments of marine strata of
the Lea Park and Pakowki Formations consist of mudstone and siltstone
(Rosenthal et al., 1984). The overlying continental strata of the Belly
River Group are subdivided into the upper Oldman Formation and the
stratigraphically lower Foremost Formation. The Belly River Group for-
mations consist of fluvial sandstone and siltstone with minor mudstone
and coal. The marine Bearpaw formation consists of shale and siltstone
with some sand layers (Hamblin, 1998). The Horseshoe Canyon Forma-
tion was deposited in a marine to terrestrial fluvial setting and is
subdivided into Lower, Middle and Upper portions. Both the Upper
and Lower Horseshoe Canyon consist primarily of sand and coal,
whereas the Middle Horseshoe Canyon consists predominantly of
shale with bentonite and little sandstone or coal (Dawson et al.,
1994b). The Scollard and Willow Creek formations consist of sandstone
and siltstone units interbedded with mudstone beds and coal. The
Paskapoo and Porcupine Hills Formations were deposited in a terrestrial
fluvial environment and consist of sequences of thick tabular sand-
stones overlain by interbedded siltstone and mudstone (Lyster and
Andriashek, 2012; Dawson et al., 1994a; Hamblin, 2004) and these for-
mations constitute heavily used aquifers in the prairies region of Alberta
(Grasby et al., 2008). The Paskapoo formation grades into the equivalent
Porcupine Hills Formation south of Calgary (Prior et al., 2013). The li-
thology descriptions revealed that the groundwater samples were pre-
dominantly collected from the sandstone, sandstone & shale, and
sandstone & shale & coal layers of these formations. The quaternary de-
posits include the Muriel Lake Formation that is composed of silt, sand
and gravel of glacio-fluvial origin. 77% of the wells are completed in con-
fined aquifers, whereas 23% of the wells accessed semi-confined or un-
confined aquifers.

3. Sampling and analytical methods
3.1. Sampling of groundwater and its dissolved and free gases

Groundwater samples and free gas and dissolved gas samples were
repeatedly obtained from GOWN wells accessing various aquifers be-
tween 2006 and 2014. Before collecting groundwater and gas samples,
the groundwater wells were purged until field parameters including
pH, redox, dissolved oxygen, temperature, and electrical conductivity

stabilized to collect samples representative of aquifer conditions.
Groundwater samples were collected in glass or plastic containers and
preserved as necessary. Free gas samples were collected in Summa can-
isters or flexfoil bags through a PVC gas separator described in Humez
et al. (2015). Time, pump flow rate, pressure in the gas separator and
water level fluctuations were recorded during each sampling event. Dis-
solved gas samples for concentration analyses were collected in 40 ml
vials with Teflon lined septa caps. The inverted vials were submerged
into a bucket filled with sample water as a seal to prevent atmospheric
contamination. Dissolved gas samples for isotope analysis were subse-
quently taken by filling a 250 ml amber glass bottle with a Teflon
septa cap using the same approach. A detailed description of the sam-
pling equipment and procedures is given in Humez et al. (2015).

3.2. Laboratory analyses

3.2.1. Gas composition

The composition of free and dissolved gas samples was determined
in the laboratory by gas chromatography yielding concentrations for ni-
trogen, oxygen, carbon dioxide, methane and higher alkane chain com-
pounds such as ethane and propane with measurements conducted by
Alberta Innovates Technology Futures (AITF) with uncertainties of
4 5% of the analyte. Gas composition data for free gas samples is re-
ported in parts per million by volume (ppmv) and for dissolved gases
in png/L or mg/L. These units were chosen to facilitate comparisons
with results in numerous other studies reporting dissolved methane
concentrations data.

3.2.2. Isotopic analyses

The carbon and hydrogen isotope ratios of methane and ethane, the
hydrogen isotope ratios of water, and the carbon isotope ratios of car-
bon dioxide were analyzed in the Isotope Science Laboratory at the Uni-
versity of Calgary. All gas isotope analyses were conducted on a
ThermoFisher MAT 253 isotope ratio mass spectrometer (IRMS)
coupled to Trace GC Ultra + GC Isolink (ThermoFisher). Stable isotope
ratios are reported in the standard delta notation (%) relative to VPDB
for 5'3C values and VSMOW for 62H. The precision for carbon isotope
analyses was better than + 0.5%. for hydrocarbons and better than
=+ 0.2%. for carbon dioxide. Hydrogen isotope analyses on methane
were conducted with uncertainties better than + 3%.. Water isotope
analysis was performed by Off-axis Cavity Ringdown Spectroscopy
using a Los Gatos Water Isotope Analyzer (DLT-100). Precision was bet-
ter than + 2%, for 5°H.

3.3. QA/QC criteria and number of samples obtained

Quality assurance and quality control (QA/QC) criteria were applied
based on mass balance and methane concentration considerations. For
the free gas samples, the sum of the determined partial pressures of
all analyzed gas components was required to be within + 10% of the
total pressure at 1 atm. A cutoff of 1500 ppmv or 0.15% for methane con-
centrations in free gas was chosen to minimize measurement uncer-
tainties (Jones et al., 2009). The mass balance consideration and the
methane concentration cutoff resulted in 40% of the free gas samples
passing the QA/QC criteria. For free gas samples passing the QA/QC
criteria, an air correction approach was used. The approach consists of
three steps: 1) to calculate the oxygen concentration in free gas in equi-
librium with the measured field dissolved oxygen concentrations; 2) to
calculate the corrected nitrogen concentration based on the atmo-
spheric N,/O,, ratio of 3.72 and corrected oxygen-free gas concentra-
tions; and 3) to correct the concentrations of free gas compounds, to
achieve a balance of 100% (Humez et al., 2015).

A total of 377 free and dissolved gas samples from 186 wells were
collected in this study. These 186 wells are subdivided into “QA/QC
wells”, “DG (Dissolved Gas) only wells” and “non-QA/QC wells” defined
as follows: QA/QC wells refers to 66 wells that yielded free gas samples
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passing the QA/QC criteria. 74 wells yielded no free gas samples, but did
yield dissolved gas concentrations data, and these sites are identified as
“DG only wells”. Forty-six wells yielded free gas samples that did not
pass the QA/QC criteria having either methane concentration in
free gas <1500 ppmv (n = 41) or free methane concentration
>1500 ppmv but with a gas composition not adding up to 100 + 10%
(n = 5). These wells are classified as ‘non-QA/QC wells’ (Fig. 1).

For the category of 66 “QA/QC wells”, 36 wells were sampled once,
while 30 wells were sampled on 2 to 11 occasions during the observa-
tion period. Ten triplicate samples obtained on the same day from the
same well for free gas analyses, and 9 triplicate samples for dissolved
gas analyses were collected to assess combined sampling and analytical
uncertainties. Additionally, one well had an 8-year record with 11 sam-
ples collected and three triplicates for both free and dissolved methane
concentrations (Humez et al., 2015). This resulted in a dataset of 124
free and dissolved gas samples from the 66 “QA/QC wells” category
throughout the observation period. Chemical and isotopic data obtained
for these samples were correlated with geological formations, lithology,
and completion depths of the water wells. The mean water well depth is
86 + 47 m, the median, minimum and maximum depths are 76, 26 and
250 m, respectively. The mid-production depths for wells where the in-
formation is available are on average 79 + 42 m with a minimum of 22
and a maximum of 207 m (n = 61).

3.4. Statistical data analyses

Descriptive statistics, such as minimum, maximum, mean, median,
and standard deviation (SD or 0), are used to provide a summary of
the data. Median and mean values are both used since they differ due
to the asymmetric distribution of some variables in the dataset
(Table 1). SPSS 22 was used for statistical treatment of the data. For sta-
tistical analysis, variables with values below the method detection limit
(10% of overall data) were treated as being equal to the detection limit.
Shapiro-Wilk's test is used to test normality of each variable in datasets
where p-values are presented in Table 1. The results reveal that only 10
of 18 variables follow a normal distribution (p > 0.05) even after log-
transformation (Reimann and Filzmoser, 2000). The outliers of the gas
geochemical dataset are included in the statistical analysis because
they contain important information. Pearson correlation analysis was
conducted to determine which variables are most closely correlated.
Non-parametric tests were also used such as Spearman's rho and
Kendall's tau tests, to capture outliers and non-linear dependencies be-
tween variables (Siegel et al., 2015). Correlation coefficients range from
— 1 indicating a perfect negative correlation, 0 indicating no correlation,
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to + 1 revealing a perfect positive correlation. Although Spearman's rho
and Kendall's tau tests usually yield similar conclusions, both were cal-
culated and reported. Significant correlation is assumed for p-values
lower than 0.05. Different scenarios are reported in Table 3:
i) significance of the Pearson's R coefficient indicating a linear correla-
tion between two variables ii) non-significance of Pearson's R coeffi-
cient but significance of Spearman's rho/Kendall's tau coefficients
indicating non-linear dependency between two variables, and iii)
non-significance of the Pearson's R, Spearman's rho and Kendall's tau
coefficients indicating no significant correlation between two variables.

The (Student) t-test was used for comparing normally distributed
parameters between two groups of variables. For other parameters
with skewed data distributions, the non-parametric Mann-Whitney
and Kruskal-Wallis tests were implemented to estimate the signifi-
cance difference between two or more groups of variables. All hypothe-
ses were tested at the significance level o of 0.05.

4. Results and discussion

Methane is ubiquitous in shallow groundwater of Alberta accessed
by the GOWN wells. In groundwater from 179 of 186 GOWN wells
methane was observed in dissolved form. Groundwater from 74
GOWN wells yielded methane only in dissolved gas samples, but not
in free gas samples. In 112 GOWN wells, methane was observed in
both dissolved form and in free gas samples. In 66 of these 112 GOWN
wells, methane was observed in free gas samples after applying the
QA/QC criteria (see Section 3.3) with chemical and isotopic composi-
tions of free gas samples presented in Table 1.

4.1. Quantification of sampling and analytical uncertainties

The sampling and analytical uncertainties for concentration mea-
surements on methane were assessed based on triplicate samples
taken successively from the same well on the same day during a sam-
pling event. Ten triplicate samples for free methane concentrations
and 9 triplicate samples for dissolved methane concentrations from
the same sampling date were measured and results are summarized
in Table 2. The average coefficient of variation () is 5% for methane con-
centrations in free gas and 12% for dissolved gas samples. We defined
the cumulative sampling and analytical uncertainty as p + 1o resulting
in threshold values of 13% for methane concentrations in free gas sam-
ples and 20% for methane concentrations in dissolved gas samples.
Hence, temporal variabilities in methane concentrations for groundwa-
ter from the same well exceeding these calculated sampling and

Table 1
Descriptive statistics of the gas geochemical dataset for dissolved (DG) and free gas (FG) of the 66 “QA/QC wells” category (Section 3.3).

Unit N Min Max Mean Med SD p* p-lgl 0*
Methane ppmv 66 1668 986,142 399,687 232,462 406,922 <0.001 <0.001
Ethane ppmv 66 0.05 3369.84 302.66 25.15 685.81 <0.001 <0.001
Carb diox. ppmv 66 78 40,812 6934 1798 9869 <0.001 0.053
Propane ppmv 66 0.05 226.29 4.00 0.06 27.82 <0.001 <0.001
Nitrogen ppmv 66 11,199 997,453 594,590 766,010 402,139 <0.001 <0.001
Oxygen ppmv 58 17 708 109 73 123 <0.001 <0.001
5'3Ccnq (FG) %0 63 —95.8 —50.6 —69.7 —69.3 113 0.264
5"*Ceos (FG) %o 54 —40.5 +143 —164 —19.7 10.5 <0.001 0.889
8'3Ceane (FG) %o 16 —65.9 —36.1 —51.8 —51.6 7.7 0.983
8?Hena (FG) %o 45 —437.1 —202.0 —289.4 —288.0 43.7 <0.001 —
5'3Ccna(DG) %o 26 —85.5 —46.6 —65.6 —65.8 8.9 1
5"%Ccoa(DG) %o 19 —343 —-129 —14.6 —182 121 0.363
8°Hpz0 %o 60 —176.5 —95.2 —141.2 —1414 13.6 0.234
Ethane ug/L 54 0.0 225.5 374 2.6 374 <0.001 <0.001
Methane pg/L 61 0.1 42,900 12,416 5830 14,920 <0.001 <0.001
Carb diox. mg/L 62 0.01 204 16.3 53 293 <0.001 0311
Nitrogen mg/L 60 24 33.0 19.7 20.1 7.4 0.116
Oxygen mg/L 58 0.1 4.0 0.5 0.4 0.2 <0.001 0.115

Numbers of wells (N), Minimum (Min), Maximum (Max), Mean (Mean), Median (Med), Standard Deviation (SD).
* p-Values of Shapiro-Wilk test for normality of the original and log-transformed (p-lg10) data.
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analytical uncertainties indicate natural or anthropogenic variations
(see Section 4.5).

4.2. Distribution of methane and other components in free gas in Alberta
groundwater

A histogram of methane concentration distribution from all 112
wells yielding free gas (‘QA/QC’ wells and ‘non-QA/QC wells’) is
shown in Fig. 2A. The calculated mean methane concentration was
225,535 ppmv (n = 112). A highly asymmetric distribution of the free
gas methane concentrations was observed with 71 wells or 63% having
concentrations less than 66,667 ppmv (Fig. 2A). Free gas samples from
ten wells or 9% had methane concentrations >933,333 ppmv.

For free gas samples from the 66 QA/QC wells, the mean methane
concentration was 399,687 ppmv and the median was 232,462 ppmv
with a range of 984,473 ppmv (Fig. 2A) and hence the coefficient of var-
iation is higher than 100% (Table 1). Fig. 3A illustrates the high spatial
variability of the methane concentrations in free gas from these 66
GOWN wells. The highest free methane concentrations were observed
in the ECC with >300,000 ppmv. Such high methane concentrations
are not found anywhere else in the GOWN data set of the province of
Alberta.

Other hydrocarbon compounds were only observed occasionally in
low concentrations in free gas samples. Ethane had a median concentra-
tion of 25 ppmv with 53 samples having concentrations above the de-
tection limit of 0.05 ppmv. The mean ethane concentration is
303 ppmv (Table 1). Only 26 samples had propane concentrations
above the detection limit of 0.05 ppmv with a maximum of 226 ppmv
(Table 1). Hence the dryness parameter, i.e. the ratio of methane to
higher alkane concentrations varied from 66 to >10,000. This indicates
that most of the gas samples are dry containing mainly methane except
for free gas from one GOWN well located east of Calgary with the lowest
dryness parameter value of 66. The dryness parameter is one of the in-
dicators often used to define the origin of gas in groundwater. Ethane
and propane are generally not coproduced during microbial
methanogenesis and therefore the presence of higher-chain hydrocar-
bons at relatively low methane to ethane ratios (<100) is often used
as an indicator of the occurrence of deeper thermogenic gas (Barker
and Fritz, 1981a,b).

The major complementary gas compound in addition to methane
was N, with a median concentration of 766,010 ppmv and a mean
value of 594,590 + 402,139 ppmv. Methane and N, typically repre-
sented >93% (minimum value) of the sampled free gases and an inverse
correlation between these parameters was observed based on Pearson,
Kendall and Spearman correlation coefficients (Table 3). Oxygen con-
centrations calculated after air correction approaches (see Section 3.3)

Table 2
Average concentrations and 5'>C values with standard deviations (SD) and coefficient of
variation (CV) for triplicate samples obtained from the same well on the same day.

Wells Dissolved methane Free methane conc. & isotope ratios
concentration
Avg SD CV Avg SD cv Avg SD
(ng/L)  (ug/l) (%) (ppmv)  (ppmv) (%) (%) (%)
Clu-t 9036 473 5 346,091 11,326 3 —77 05
Cross-t 9703 795 8 305,176 9984 3 —-93 03
Mana-t 885 56 6 39,688 2347 6 —58 0.1
Min-m-t-a 1175 303 26 265712 15,196 6 —-79 04
Min-m-t-b 4006 833 21 215,711 5614 3 77 1.0
Min-m-t-c 6220 545 9 220,006 58255 26 —78 0.1
Red-t 27,467 5847 21 965,748 26,091 3 —68 2.8
Ros-t 34,566 3534 10 948411 2053 0 —64 04
Wet-t 221 11 5 8926 287 3 —60 0.1
ForC-t 813,746 12,507 1
Average 10364 1378 12 412,921 14,366 5 —73 06
()
¢ 12,325 1986 8 381,967 17,215 8 11 1

had a median value of 73 ppmv with a minimum concentration of
17 ppmy, a maximum value of 708 ppmv, and a mean value of
109 ppmv (n = 58). Carbon dioxide concentrations had a median
value of 1798 ppmv and a mean value of 6934 ppmv (n = 66) (Table 1).

4.3. Distribution of dissolved methane and other components in Alberta
groundwater

A histogram of methane concentration distribution for 179 GOWN
wells yielding dissolved gas is shown in Fig. 2B. A highly asymmetric
distribution of the dissolved methane concentration was observed
with 138 wells (77%) having dissolved methane concentrations noted
as [CHylaiss of less than 3333 pg/L and a mean value of 5232 pg/L
(n = 179). The highest [CH4]qiss 0bserved was 42,900 pg/L and 28 of
179 samples (16%) had an average [CHg]qiss higher than the 10 mg/L
safety threshold value of the Office of Surface Mining, U.S. Department
of the Interior (Eltschlager et al., 2001). Fourteen of 179 samples had
methane concentrations higher than 31 mg/L, which corresponds to
the maximum solubility of methane in water at 1 atm and 10 °C,
which is the average groundwater temperature. These waters are
oversaturated with methane at surface (atmospheric) pressures and
were obtained from wells located mainly between Edmonton and
Lethbridge.

Of the 66 QA/QC wells, 61 groundwater samples yielded [CHg4]qiss
concentrations with an average of 12,416 pg/L and a median value of
5830 pg/L with a range of 42,899 pg/L. Groundwater from 21 wells
had average [CH4]qiss higher than the 10 mg/L safety threshold value.
There is a high spatial variability of [CH4]qiss from these 61 GOWN
wells (Fig. 3B). The highest [CH4]qiss (€.g. > 10,000 pg/L) were mainly ob-
served between Calgary and Edmonton and such high dissolved meth-
ane concentrations in groundwater are not found anywhere else in
the province. The spatial distribution of free and dissolved methane
concentrations in groundwater shown in Fig. 3 displays a similar pattern
that is further discussed in Section 4.4.

In the dissolved gas samples other n-alkanes were only detected oc-
casionally in low concentrations. Ethane had a median value of 2.6 pg/L
and 36 samples had a concentration higher than 0.01 pg/L. The mean
ethane concentration was 37 + 2 pg/L (Table 1). Groundwater from
15 of 66 wells had propane concentrations above the detection limit
varying from 0.01 to 0.38 pg/L.

The remainder of the dissolved gas was predominantly composed of
N, with a median and mean value of 20 mg/L (Table 1). Oxygen concen-
trations based on the field data had a median value of 0.4 mg/L with a
minimum concentration of 0.1 mg/L, maximum values of 4.0 mg/L,
and a mean value of 0.5 4 0.5 mg/L (n = 58). Carbon dioxide concentra-
tions had a median value of 5.3 mg/L and a mean value of 16 mg/L (n =
62).

4.4. Comparison of methane concentrations in free and dissolved gas
samples

Both free and dissolved methane concentrations in groundwater
from different wells throughout Alberta revealed extremely high
variabilities (CV > 100%). Table 3 summarizes the correlation analyses
that evaluated which variables are most closely correlated. Pearson,
Kendall and Spearman approaches revealed that methane
concentrations in free and dissolved gas samples are significantly
correlated (Pearson R = 0.93, Kendall's tau = 0.79, Spearman's
rho = .93 with p < 0.05, Table 3) and plot close to the equilibrium
state with saturation coefficients calculated for 0 to 10 °C (Fig. 4)
based on the Lawrence Livermore National Laboratory database
(Parkhurst and Appelo, 1999). Fig. 3 revealed similar spatial distribu-
tions of free and dissolved methane concentrations in Alberta ground-
water. Fig. 4 confirms this observation with a strong positive
correlation between methane concentrations in free and dissolved gas
samples consistent with water-gas interaction and Henry's law. This
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Fig. 2. Histograms of frequency for A) methane concentrations in free gas samples, and B) dissolved methane concentrations in Alberta groundwater. The number of samples in each con-

centration category is displayed above each bar.

indicates that dissolved gas and free gas sampling approaches lead to
comparable results. Only few samples seem to be undersaturated with
respect to methane (i.e. they plot below the equilibrium state lines).
In general, the correlation between similar variables in free and dis-
solved gas samples such as C;Hg, C3Hg, CO,, N5, O, concentrations is
strong and significant (Table 3, orange shading) confirming that both
sampling approaches yield comparable results.

4.5. Temporal variabilities in methane concentrations
Temporal variabilities in methane concentrations were evaluated by

comparing repeat analyses of free and dissolved gas samples obtained
from the same wells. Temporal variabilities occur when resulting

dispersion values are higher than the sampling and analytical uncer-
tainties defined in Section 4.1. Groundwater from 11 of 26 wells for dis-
solved methane concentration, and from 9 of 25 wells for methane
concentrations in free gas samples resulted in CV values higher than
the combined analytical and sampling uncertainties. This suggests ei-
ther (i) that less than 50% of the repeatedly sampled wells displayed
temporal variabilities in methane concentrations or (ii), as the majority
of the samples are saturated with methane (Fig. 4), that gas slugs may
be arriving at the well and are dissipating between sampling events
(Gorody, 2012). The sampling may be too infrequent to pick up gases ar-
riving occasionally as slugs leading to saturation of groundwater with
methane.

Fig. 3. Spatial variation of A) average methane concentrations (ppmv) for free gas from 66 wells passing the QA/QC criteria throughout the province of Alberta, and B) associated average
dissolved methane concentrations (pg/L) for groundwater from 61 wells. Modified maps from AGS of bedrock geology beneath the Quaternary cover.
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Table 3
Correlation analyses matrix with Pearson's R, Kendall's tau and Spearman rho coefficients for parameters of dissolved and free gases obtained for groundwater from QA/QC wells (n = 66).
Bold numbers indicate significant correlations when p-values are lower than 0.05. Orange shading shows correlations between similar parameters in free and dissolved gas samples.
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Fig. 4. Comparison of methane concentrations for free gas and dissolved gas samples from the same GOWN wells for all samples passing the QA/QC criteria. Average groundwater tem-
peratures were around 8 °C. Error bars for n-replicates are based on internal standard deviation (SDint). Error bars are calculated either by standard analytical uncertainties provided by the
laboratories when there is only one sample per well, or are calculated based on data from replicate samples per wells (same sampling date, Sections 4.1 and 4.5). The horizontal red line
represents the regulation threshold for dissolved methane of 10 mg/L (U.S. Department of Energy), corresponding with a methane concentration of 300,000 ppmv in free gas samples at
10 °C. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

On average, methane concentration variabilities in samples
from these wells were three times higher than the sampling and analyt-
ical uncertainties defined for both free and dissolved methane concen-
trations. Also, temporal variability for methane concentrations in free
and dissolved gas samples from these wells was comparable as shown
in Fig. 4. The temporal variability of methane concentration at some
wells may be in part explained by variable sampling conditions (extent
of water level drawdown, pumping speed) as shown by Humez et al.
(2015), but other natural or anthropogenic causes can not be excluded
as potential explanations.

4.6. Isotopic fingerprints to delineate sources and formation pathways for
methane

The sampling and analytical uncertainties for carbon isotope mea-
surements on methane were assessed based on triplicate samples
taken from the same well on the same day. 8'C values of triplicate sam-
ples obtained from nine wells revealed that the standard deviation of
three measurements was typically <4 1.0%. with only one triplicate
sample exceeding this value (Table 2). The average standard deviation
(0) of the mean &'3C values for triplicate samples obtained on the
same day was 4 0.6%.. We defined the sampling and analytical uncer-
tainty as i + 1o resulting in 1.0%. for 8'3C of methane indicating an ex-
cellent sampling and analytical reproducibility compared to only the
analytical uncertainty usually reported for carbon isotope ratios of
methane in free gas of + 0.5%o.

Carbon isotope ratios (6'3C) of methane in free gas samples from
106 wells are summarized in Fig. 5 and show a symmetric distribution.
It is interesting to note that 6'3C values of methane in free gas samples
passing the QA/QC tests varied between — 95 and — 50%. with an aver-
age value of —69.7 + 11.1%. (n = 63). In contrast, the 5'C values of
methane in free gas samples not passing the QA/QC test varied between
—85 and — 20%.. 6'>C values of methane > — 50%. were only observed
in free gas samples with methane concentrations of <1500 ppmwv. It is
possible that these high 8!3C values at relatively low methane concen-
trations are caused by bacterial methane oxidation in the aquifer or
the sampling containers, a process during which residual methane is
enriched in '3C (Barker and Fritz, 1981a,b).

For free gas from groundwater of shallow aquifers passing the QA/
QC criteria there was a considerable variability of !3C values of meth-
ane from —95.8 to —50.6%. for samples with CH4 concentrations

<100,000 ppmv (Fig. 6). It is possible that methane oxidation in the
aquifers is responsible for some of the §'3C values >—55%. at low
methane concentrations resulting in enrichment of '>C and 2H in the
remaining methane, resulting also in a decreasing dryness parameters
suggesting falsely a thermogenic fingerprint. However, preferential
oxidation of ethane or propane may also occur resulting in an increase
of the dryness parameter suggesting falsely a more biogenic signature
(Aharon et al., 1992; Kessler et al., 2006; Pape et al., 2010; Darrah et al.,
2015). For free gas samples with methane concentrations between
100,000 and 650,000 ppmv, the 6'3C values of methane were generally
below —69.7%. with one exception of a sample with a 813Ccpq value of
—63.3%. (average of —75.2%.; minimum of —92.6%.; maximum of
—63.3%o). In contrast, free gas samples with the highest methane concen-
trations (>680,000 ppmv) had again higher 5'3C values between —73.5
and —55.9%. (Fig. 6). Such free gas samples were exclusively observed
in a corridor between Edmonton and Lethbridge (Fig. 6) in groundwater
wells perforated mostly in the Horseshoe Canyon and Paskapoo

Fig. 5. Histogram of frequency for 6'>C values of methane in all free gas samples (n = 106).
Samples passing the QA/QC criteria are shown in blue. Numbers of samples belonging to
isotope ratio intervals are indicated above each bar. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)
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Formations and in a few cases in the Milk River and Bearpaw Formations,
some of which contain coal seams.

When assessing the temporal variabilities of 6'>C values of methane
in free gas samples from the same groundwater well sampled on differ-
ent occasions between 2006 and 2014, 14 of 23 GOWN wells with dupli-
cate analyses had &'3C values of methane with a standard deviation of
1.0%o or less. For five samples the standard deviation varied between 1
and 2%., and only in five cases did the 6'3C value of methane for free
gas samples obtained in different years from the same groundwater
well deviate by more than 2%. (Table 4). This indicates little temporal
variability in the §'3C values of methane of free gas with only a few ex-
ceptions thus indicating a unique and constant gas source signature.

The carbon isotope values of dissolved methane in groundwater
from QA/QC wells had a mean value of —65.6 + 8.9%. (n = 26), with
a minimum value of —85.5%. and a maximum of —46.6%.. Fig. 7
shows a cross-plot of 5'3C values of methane in free gas samples and
dissolved gas samples obtained from the same wells (n = 26) indicating
that most samples plot close to the 1:1 line. Moreover, Table 3 reveals a
strong and significant correlation between the 6'2C values of methane
in free gas samples and dissolved gas samples (Pearson R = 0.79,
Kendall's tau = 0.73, Spearman's rho = 0.84 with p < 0.05). The differ-
ence (A) between 5'3C values of methane in free gas and dissolved gas
samples was <1%. in 13 cases. A ranged between 1 and 2%, in samples
from four wells, varied between 2 and 5% for 5 wells, and exceeded
5%o on 4 occasions. This indicates, for the most part, good agreement be-
tween carbon isotope measurements on methane in free and dissolved
gas further supported by an insignificant t-test (p > 0.05).

The hydrogen isotope ratios (6°H) of methane in free gas samples
had a mean value of —289.4 + 43.7% (n = 45). The minimum
82Hcna value was —437%. and the maximum value was — 202%.. To-
gether with 5!3C values of methane of <— 55%. this suggests a predom-
inantly biogenic origin of methane in groundwater. 6'3Ccyy4 values
>—50%o. are indicative of deeper thermogenic methane whereas values
<—60%. are strongly indicative of microbial methane (Bernard et al.
1976; Schoell, 1980). Likewise, 6*°Hcpg values lower than — 175%. par-
ticularly when combined with low 5'3Ccpa values often indicate a
pure biogenic methane origin.

Fig. 8 shows that the majority of samples from QA/QC wells have a
6'3C value of methane <— 58%. and dryness parameters of >177. There-
fore, joint evaluation of gas compositions, dryness parameters, &'>Ccpa
and 6°Hcyg values of methane indicate that the majority of the baseline
groundwater samples contained methane of biogenic origin (Fig. 8).
Only one sample obtained from a well located east of Calgary was char-
acterized by a dryness parameter of 66 due to a methane concentration
of 2543 ppmv and an ethane content of 26 ppmv. Methane in this

Fig. 6. Concentrations versus carbon isotope ratios of methane in free gas samples from
QA/QC wells (median values are represented by red dotted lines). (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of
this article.)

sample had a 6'3C value of —55.8%.. Hence, this sample plots in the
mixed gas zone on Fig. 8. The chemical and isotopic composition of
this sample could result from bacterial methane oxidation or partial im-
pact of immature thermogenic gas (Rowe and Muehlenbachs, 1999) on
the shallow aquifer. Only in a small subset of samples was a minor ther-
mogenic gas admixture or the microbial oxidation of methane poten-
tially required to explain slightly elevated 5!C values of methane and/
or low dryness values shown in Fig. 8.

Chemical and isotopic approaches are not only useful for
constraining methane sources but can also be used to identify the for-
mation pathway of bacterially generated methane gas. The two major
metabolic pathways are acetate fermentation and CO, reduction
(Whiticar et al., 1986) that use several possible substrates. The differ-
ence between carbon isotope ratios of methane and CO, can assist in
identifying the predominant reaction pathways.

The average 6'3C value of carbon dioxide in free gas samples was
—16.4 £ 10.5% (n = 54) indicating that the CO, was predominantly
derived from organic carbon oxidation and to a lesser extent impacted
by carbonate dissolution (Mook, 2000). 6'3C of dissolved carbon dioxide
had a similar mean value of —14.6 4+ 12.1%. (n = 19). The carbon iso-
topic data of methane and carbon dioxide are plotted in Fig. 9A. The iso-
topic fractionation between the coexisting CO, and CH4 has a mean

value of 1.05 defined by arc = 221990 (whiticar et al., 1986) and o
cHa+1000

values of up to 1.08 were observed. o values from 1.06 to 1.09 are char-
acteristic of CO, reduction, whereas acetate and methyl-type fermenta-
tion result in o values from 1.03 to 1.06. The values obtained in this case
study plot predominantly in the CO, reduction field and to a lesser ex-
tent in the methyl-fermentation boundaries according to Fig. 9A.

The comparison of 8°H values of methane and formation water (Fig.
9B) is another indicator of biogenic methane formation processes, be-
cause the relationship of hydrogen isotopes between methane and
water is dependent on the methanogenic pathway. During CO, reduc-
tion, all of the methane hydrogen is derived from coexisting H,O with
a H isotope fractionation of — 160 4 10%. (Schoell, 1980) resulting in
a slope of 1 in Fig. 9B. In contrast, during acetate fermentation, only
one of the four hydrogen atoms in methane is derived from water
resulting in a much lower slope of 0.25 (Whiticar et al., 1986).
Most of the samples in Fig. 9B plot close to the range predicted for
CO,, reduction suggesting that it is the predominant biogenic meth-
ane formation pathway according to Figs. 9A and 9B. Hence, it is im-
portant to measure not only the carbon isotope ratios of methane
and CO,, but also the hydrogen isotope ratios for methane and
water to identify the predominant methanogenic pathways in the
groundwater environment.

Bacterially mediated methane oxidation processes, mixing with
gases from other biogeochemical pathways, or with gases of thermo-
genic origin could influence the apparent carbon isotope fractionation
factors o (Whiticar et al., 1986). Microbial oxidation of methane will
also affect the 6'3C values of the remaining methane (Barker and Fritz,
1981a,b), with the measurability of this effect being dependent on the
mass balance of the residual CH4 and the formed CO,. These reactions,
together with other isotope fractionating processes such as diffusion
must be taken into account while using stable isotope data for identifi-
cation of depths of stray gas leakage (e.g., Schloemer and Krooss, 2004;
Prinzhofer and Pernaton 1997).

The average 6'3C values of ethane in free gas samples from QA/QC
wells was —51.9 + 7.8%. (n = 16) with values ranging from —65.9
to — 36.1%.. Only one sample had an ethane §'3C value of > —40%.
while no other indicators for this sample (e.g. 5'>Ccuy of —77.7%o,
82Hcna of —296%,, dryness parameter of 1476) hinted towards a ther-
mogenic gas origin. Some studies have revealed that ethane can be pro-
duced through microbially mediated pathways (Taylor et al., 2000;
Hinrichs et al., 2006). Others have suggested that ethane and propane
with rather negative 8'3C values may be formed during thermogenic
gas generation at low temperatures (Rowe and Muehlenbachs, 1999).
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Table 4
Variabilities of methane concentrations and carbon isotope ratios for dissolved gas and free gas samples obtained from the same well in different years.
Wells Time Dissol. methane conc. Free methane conc. & carbon isotope ratios
Avg SD CV (%) Avg SD CV (%) Avg (%0) SD (%0)
(ng/L) (ng/L) (ppmv) (ppmv)
Clu-yr 2006; 2011 9508 667 7 336,973 12,894 4 —77 0.0
Barr-yr 2008; 2013 27,800 8626 31 912,599 91,536 10 —62 0.2
Mana-yr 2008; 2012 494 554 112 23,034 235,532 102 —57 0.9
Min-yr 2006; 2013 573 382 67 189,391 75,691 40 -79 13
Red-yr 2007; 2013 27,483 23 0 933,176 46,064 5 —69 1.8
Bot-yr 2006; 2011 19,750 8273 41 683,099 18,820 3 —74 0.6
Wet-yr 2007; 2011 72 6 9 3194 251 8 —63 0.3
Cres-yr 2007; 2011 39,650 10,111 25 952,500 64,346 7 —67 0.1
Flag-yr 2008; 2012 83 5 6 4343 2243 52 —62 2.7
For-yr 2008; 2012 113 86 76 49,780 9106 18 -91 0.2
ForC-yr 2009; 2013 36,350 1909 5 816,362 3706 0 —67 9.3
Gul-yr 2006; 2011 12,400 989 8 936,465 5460 6 —67 0.1
Har-yr 2007; 2011 2135 304 14 154,716 27,033 17
Inni-yr 2007; 2011 58 8 14 2553 1037 41 —69 12
Met-yr 2007; 2011 38,550 6576 17 945,267 144,554 15 —72 0.5
Mil-yr 2009:2013:2014 573 382 67 16,781 970 6 —61 14
Oko-yr 2007; 2011 3810 438 11
Rol-yr 2007; 2011 26,400 1272 5 986,142 8140 1 —64 1.0
Taw-yr 2008; 2012 1522 1000 66 126,141 13,144 10 —76 04
War310-yr 2008; 2013 63,200 424 1
War311-yr 2008; 2013 943,139 8938 1 —56 6.4
War316-yr 2006; 2011 32,950 12,657 38 848,941 24,707 3 —61 0.2
War-yr 2006; 2012 41,250 9687 23 965,935 4634 0
War125-yr 2006; 2012 12,000 1697 14 397,471 8486 2
Wol-yr 2008; 2012 424 535 126 4543 3493 77 —89 2.0
Kir-yr 2007; 2012 36,550 1343 4 950,628 20,363 2 —69 0.0
Pri-yr 2007; 2008 3765 898 13 265,954 80,091 30 —-71 1.1

A third potential pathway explaining the occurrence of low concentra-
tions of ethane and traces of propane in shallow groundwater could
be secondary biogenic gas generation associated with the biodegrada-
tion of crude oils in parts of the Western Canadian Sedimentary Basin
(WCSB) e.g. Osadetz et al. (1994); Larter et al. (2003). While we are cur-
rently not able to assess which of the above processes best explains the
occurrence of low concentrations of ethane in most samples and traces
of propane in some samples, the carbon isotope fingerprints of ethane
and the dryness parameters are not consistent with leakage of mature

Fig. 7. Cross plot between C isotope ratios of methane in free and dissolved gas. Dotted
lines indicate differences of 8'C values of —2, +3 and +20%. using the isotope fraction-
ation factor arc-pc = 0.998, 1.003 and 1.020 fitting the isotopic data set defined by

a 8" Cayape+1000
FG-DG = §T3C 114 7+ 1000.

thermogenic gases from deep unconventional reservoirs (Tilley and
Muehlenbachs, 2013), where 6'3C of ethane is typically >— 40%.

4.7. Influence of well depth and bedrock on methane occurrences

Finally, we investigated to which extent well depth and aquifer li-
thology influence the occurrence of methane in Alberta groundwater.
The correlation analysis (Table 3) shows that there is a moderate posi-
tive correlation between methane concentrations in free gas (Pearson's
R = 0.46, Kendall's tau = 0.22, Spearman's rho = 0.32 with p < 0.05)
and dissolved gas samples (Pearson's R = 0.42, Kendall's tau = 0.22,
Spearman's rho = 0.32 with p < 0.05) with water well depth, suggesting
a moderate trend of increasing methane concentrations with increasing
well depth. An inverse moderate correlation was observed between ni-
trogen concentration for both free and dissolved gas samples and well
depth (Pearson R = —0.47, Kendall's tau = —0.26, Spearman's
rho = —0.38 with p < 0.05 for nitrogen in free gas samples and Pearson
R = —0.26, Kendall's tau = —0.22, Spearman's rho = —0.31 with
p <0.05 for nitrogen in dissolved gas samples, Table 3). The statistical re-
sults for nitrogen concentrations described in Sections 4.2 and 4.3 indi-
cate various potential explanations for this observation including excess
air, gas-water partitioning, some fractionation during gas extraction for
dissolved gas analysis, and due to the correlation with depth, a source
of excess N, possibly linked to nitrate reduction (e.g. denitrification). Un-
derestimation of air contamination may also explain some of the elevated
nitrogen concentrations. No significant correlations were found between
well depth and 6'3C values of methane in free gas.

The impact of aquifer lithology on methane concentrations in shal-
low groundwater is illustrated in Fig. 10. The boxplots show that higher
methane concentrations in both free (Fig. 10A) and dissolved gas sam-
ples (Fig. 10B) occurred in formations containing coal and clastic fine-
grained rocks (e.g. shale), while aquifers composed of siliciclastic
coarse-grained rocks (e.g. sandstones, sands) and gravel contained little
methane. In contrast, '>C values of methane display no correlation with
lithology (Fig. 10C), whereas 6'3Ccopg values are slightly lower in
groundwater from aquifers composed of coarser rocks (Fig. 10D). No
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Fig. 8. Dryness parameter versus 8'°C of methane in free gas obtained from QA/QC wells and boundaries for gases of thermogenic and biogenic origin based on data from Whiticar (1999).

significant lithology-dependent differences were found in either meth-
ane (p = 0.857) or ethane (p = 0.115) carbon isotope ratios by statisti-
cal tests.

Groundwater wells were completed in seven geological formations:
Paskapoo, Horseshoe Canyon (HSC), Belly River, Porcupine, Milk River,
Muriel Lake, Judith River formations. Markedly elevated methane con-
centrations in both free and dissolved gas samples were observed in
the Horseshoe Canyon (HSC) formation. A Mann-Whitney test revealed
a significant difference in methane concentrations only between HSC
and surficial formations with higher concentrations in groundwater
from the HSC (p < 0.005). The majority of samples with the highest
methane concentrations in free gas and 5'>C values between —70.8
and — 56.0%. were obtained from wells completed in aquifers of the
Horseshoe Canyon and the Paskapoo formations (Fig. 6). It is likely
that coal-bearing units impact the geochemical and isotopic composi-
tion of gas present in shallow aquifers because coal constitutes the
major reservoir of organic matter potentially available for methano-
genic microbial communities in the subsurface.

5. Summary and implications

The gas geochemical dataset of this study illustrates that methane is
ubiquitous in the groundwater of the province of Alberta based on the
monitoring of 186 GOWN wells. Comparison of methane concentrations
for free gas and dissolved gas samples obtained from the same wells
yielded comparable results (Pearson R = 0.93, Kendall's tau = 0.79,
Spearman's rho = 0.93 with p < 0.05). Twenty-eight samples from 21
wells had dissolved methane concentrations higher than 10 mg/L asso-
ciated with a free methane concentration higher than 300,000 ppmv.
These samples were obtained from wells located in the ECC and ele-
vated methane concentrations were typically correlated with increasing
well depth and with aquifer bedrock units containing coals and shale.
Assessment of temporal variabilities of methane concentrations in free
and dissolved gas samples taken from the same wells several years
apart revealed that in 40% of the cases the temporal variability of meth-
ane concentrations was higher than the calculated sampling and analyt-
ical uncertainties, in some cases by a factor of 6. Further investigations
with higher temporal sampling resolution are required to distinguish
extrinsic (e.g. pumping operation) from anthropogenic or natural
causes of methane concentration variations in aquifers potentially

Fig. 9. Cross plots of A) §'3C values of methane and carbon dioxide for confined, unconfined and unknown aquifer types; B) 5°H values of methane and formation water. The trends of
methanogenesis via CO, reduction and acetate fermentation are displayed based on information provided by Whiticar et al. (1986) and Whiticar (1999).
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Fig. 10. Impact of lithology on A) methane concentrations in free gas, and B) dissolved methane concentrations, C) 5'>C values of methane, and D) 6'>C values of ethane in free gas samples

from 66 QA/QC wells.

caused by varying groundwater flows, residence times, seasonal water
table fluctuations, recharge, and mixing, among others.

In addition to the gas concentration measurements, a multi-isotope
approach analyzing 8]3CCH4: BZHCH4, 613CC2H6- 813CC02, and 62HH20
values was used to identify methane sources and formation processes.
Chemical and isotopic data revealed that methane in shallow ground-
water is mainly biogenic (dryness parameter >500, 8'>Ccpys < — 55%o,
8?Hena < —175%o) and is predominantly generated via CO,-reduction.
A marked contrast of isotope signatures of predominantly biogenic
methane in baseline groundwater samples and potential thermogenic
stray gas leakage from hydraulic fracturing operations in deep shale for-
mations is therefore highly likely where such leakage occurs. Only
minor temporal variation of carbon isotope ratios of methane in base-
line groundwater samples was observed indicating that methane in Al-
berta groundwater was derived from a similar source. The mean 6'3C¢yi4
and 6'3Ccong values of —69.7 4 11.3%. and —51.9 & 7.7%. respectively
in free gas samples of shallow groundwater from wells that are on aver-
age <100 m bgs deep are consistent with the upper portion of an isoto-
pic mud gas profile obtained for methane and ethane in east-central
Alberta by Tilley and Muelhenbachs (2011). This agreement suggests
that methane and ethane in shallow groundwater accessed via GOWN
wells are isotopically similar to hydrocarbon gases found in 100 to
250 meter depths in the Western Canadian Sedimentary Basin and are
not sourced from deeper thermogenic hydrocarbon occurrences deep
in the basin. This comparison is based on a very limited mud gas data
set due to lack of published mud gas data for Alberta. It indicates that
the future compilation of mud gas depth profiles for chemical and isoto-
pic compositions is of critical importance for estimating depths of po-
tential stray gas leakage.

Based on the geochemical and isotopic datasets for free and dis-
solved gas from this study conducted in Alberta (Canada) we evaluated
the added values and relative complexity of two different sampling

approaches for baseline groundwater monitoring programs (Table 5).
Obtaining dissolved gas samples is technically easy in the field with
combined sampling and analytical uncertainties of <20% for methane
concentration analyses readily achievable. Using this approach, we
found dissolved methane concentrations in shallow groundwater in a
similar range as was observed in other regions of North America (e.g.
Li and Carlson, 2014; Moritz et al., 2015). Adequate containers and
chemical preservatives must be used to prevent or minimize any gas
loss or post-sampling alterations (Eby et al.,, 2015). Obtaining free gas
samples is technically more demanding and the design of the free gas
samplers as well as sampling conditions such as pumping rates may im-
pact results (e.g. Humez et al., 2015). Combined sampling and analytical
uncertainties for methane concentration analyses are <13% and hence
similar or slightly better than those of dissolved gas analyses. The Prov-
ince of Alberta through the Alberta Energy Regulator (AER) Directive
035 introduced in May 2006 a requirement to test baseline well water
including the collection of free gas samples when it is possible. Our re-
sults show that free gas and dissolved gas sampling approaches yielded
comparable methane concentration results for shallow groundwater.
However, to our best knowledge no other jurisdiction recommends
the free gas sampling approach for baseline groundwater sampling
and hence the inter-comparison of results with data from other studies
is difficult. Methane concentrations in both free and dissolved gas sam-
ples are susceptible to alterations by different factors during the various
steps from sampling to analysis, e.g. by air contamination, methane ox-
idation, or water level fluctuations during pumping causing degassing
(Humez et al., 2015). These factors can either result in under- or over-
estimation of methane concentrations and therefore should be carefully
considered and evaluated.

The carbon isotope ratios of methane displayed excellent reproduc-
ibility for free gas samples and rather consistent results between free
and dissolved gas samples from the same well. Obtaining reliable
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Table 5

Analysis of the sampling approaches and monitoring approaches used in this study for both free and dissolved gas components. The width of the blue bar indicates the complexity and costs

of the respective approaches.
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Approach

Information obtained/added value

Complexity/costs

Dissolved methane concentration

analysis

Baseline/contamination level of methane,

comparison to legal thresholds

Dissolved + free methane

concentration analysis

Check of inconsistencies related to degassing,
oxidation, leakage etc. (upon sampling, transport,

analysis)

Dissolved|/free gas analysis for
methane, other alkanes, CO,, other

gases

Correction of air contamination, detection of
oxidative processes, dryness parameter —
indicator of origin and transport pathways (e.g.

diffusive vs. advective transport)

C-isotope analyses of dissolved/free

methane

Indicator of CH4-source (biogenic vs.
thermogenic), mixing of different sources

(including stray gas)

C-isotope analyses of dissolved/free

CO,, alkanes

Detection of sources/formation mechanisms and

secondary processes, e.g. oxidation (e.g. Chung et al., 1988)

C and H-isotope analyses of CH, and
H,0

Further discrimination of reactive mechanisms
within the main gas types : identification of
biogeochemical processes, e.g. CO, reduction,

acetate fermentation...

Statistical data analysis (chemical and

isotopic larger data sets)

- Geostatistical analysis (not applied in our
study): spatial variability of baseline,
identification of anomalies, contamination
pathways...

- Triplicate sampling: assessment of realistic
combined sampling analytical uncertainties

- Periodic sampling on same well: assessment
of baseline variations/contamination events

- Continuous sampling for varying operating
conditions: assessment of the impact of
sampling conditions, e.g. pumping rates

- Descriptive statistics: significance of
differences between data subsets (e.g.
lithological, depth-dependences),

significance of multi-parameter correlations

carbon isotope ratios of methane in dissolved gas may be more chal-
lenging for samples with very low methane concentrations. Methane
oxidation could occur in the sampling containers in cases of inadequate
preservation resulting in an increase in the 6'C values of the remaining
methane. In contrast, free gas samples contain larger quantities of gas
and methane in suitable water-free containers minimizing the risk of
methane oxidation and facilitating not only accurate measurement of
613C values of methane, but also of §°H values of methane and §'3C
values of ethane and higher alkanes when present. The identification
of gas origin and formation pathway is further improved by hydrogen
isotope ratio data for methane and carbon isotope ratios of higher al-
kanes. The appropriate choice of sampling containers, avoidance of gas
losses during transport, and strict adherence to storage times is impor-
tant for high quality isotope analyses on dissolved and free gas samples
(Eby etal., 2015). To achieve comparable and reproducible isotope com-
positions for methane and higher alkanes, our analysis suggests that
free gas sampling is preferable.

An analysis of the utilized sampling approaches and monitoring
tools in this study is shown in Table 5 outlining the hierarchic steps

for baseline shallow groundwater assessment from concentration mea-
surements, isotope analyses, to statistical analysis of the compiled data,
supplemented by remarks on their added values and a complexity eval-
uation. This study demonstrated that the obtained dissolved methane
concentration data for shallow groundwater are comparable to those
of other studies. Across North America, dissolved gas sampling has
been the preferred approach, which allows comparison of results be-
tween different studies and with legal thresholds where they exist.
However, gas concentration analyses alone are insufficient to assess
the potential impact of stray gases on shallow groundwater impacting
baseline conditions. Analysis of the stable isotope composition of meth-
ane in shallow groundwater, from mud gas profiles, and from produc-
tion formations of unconventional gas reservoirs are excellent
complementary fingerprinting tools that are capable and usually highly
sensitive to indicate stray gas influence on shallow aquifers if sufficient
baseline data exist. To achieve comparable and reproducible isotope
composition data for methane and higher alkanes, our analysis suggests
that free gas sampling is preferable. A multi-isotope approach determin-
ing C isotope ratios of methane, ethane, and CO, and &2H values of
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methane and water can yield unique insights into methane sources, for-
mation pathways of methane, and secondary transformation processes
affecting the concentration and isotopic fingerprint of methane. This is
most effectively achieved if both dissolved and free gas samples are ob-
tained. If only dissolved gas sampling is conducted carefully, it can also
yield reliable isotope ratio data for methane. Careful data assessment
and evaluation using field blanks, triplicate sampling, and blind sample
ring tests are also recommended to ensure the utmost integrity and ac-
curacy of the obtained data sets. Finally, adequate statistical analyses of
the compiled data sets (Table 5) are a highly valuable part of the data
analysis that should be included in any groundwater baseline
assessment.
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Abstract

Elevated nitrate (NOs3) loadings to streams and rivers from urban wastewater and
agricultural return flows can cause eutrophication of surface waters as urbanization and
industrial and agricultural activities intensify in many watersheds worldwide. We have
integrated physical, chemical and isotopic approaches to identify and quantify sources of
riverine nitrate in the Bow River (southern Alberta, Canada), which flows 645 km from
rather pristine alpine-montane regions in the Rocky Mountains to grassland prairies,
passing through one major urban centre, the city of Calgary. Nitrate concentrations in a
year-long, monthly sampling program were low, <0.4 mg/L, at the headwater sampling
sites, but increased to up to 8 mg/L below Calgary. The '°N and §'*O of riverine nitrate
changed from values consistent with dominantly forest soil-derived nitrate in the
headwaters (615NN03 =1.1£0.5 %o, 880803 = 8.4+0.7 %o) to values indicating urban
wastewater effluents below Calgary (SISNN(B > 7%o; 8180N03 <3%0). The 8'°N and 5'%0
values of riverine nitrate from eight sampling sites were consistent with a two end-
member mixing trend between nitrate derived from nitrification in forest soils and nitrate
from urban wastewater. Although nitrate concentrations were consistently low upstream
of Calgary’s WWTPs (<0.4 mg/L), the isotopic composition at three sampling sites
indicated that up to 50% of the nitrate load was wastewater-derived presumably from
smaller villages and towns upstream of Calgary. Below Calgary the riverine nitrate load
increased significantly from 1.4 to 8.9 kt/year, an estimated 84-92% of which was
wastewater-derived. Combined mass load, NOs/Cl ratio, and isotopic parameters showed
no significant nitrate contributions from dominantly agricultural activities downstream of

Calgary nor significant nitrate removal via denitrification. This study demonstrates that
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riverine nitrate derived from sources with distinct isotopic compositions can be
effectively differentiated, traced and apportioned using a combination of physical,

chemical and isotopic approaches.

Keywords: nitrate, stable isotopes, wastewater effluents, nitrification, Bow River, Alberta,

Canada;

1. Introduction

The rate of nitrogen (N) fixation has been greatly altered by human activities in the past
50 years through fertilizer production, widespread cultivation of leguminous crops, and
fossil fuel combustion (Townsend and Davidson, 2006). Human perturbation of the N
cycle is expected to have continued long-term consequences on the environment
(Galloway, 2003, 2004; Gruber and Galloway, 2008). One of the manifestations of the
environmental effect of the altered nitrogen cycle are the steadily increasing nitrate
concentrations in many river networks and freshwater systems worldwide (e.g. Vitousek

et al., 1997; Goolsby 2000; Galloway et al., 2004).

The nitrogen pollution of water resources and aquatic ecosystems especially in populated
watersheds is a growing problem that can cause eutrophication, hypoxia and loss of
biodiversity in many freshwaters and coastal marine waters (NRC 2000; Howarth et al.,
2002; Paerl et al., 2002; Rabalais et al., 2001; Rabalais 2002; Galloway et al., 2004). An
estimated 70% of the anthropogenic nitrogen input to large watersheds is stored,

denitrified, or volatilized in the catchments, but delineating the origin of nitrogen species
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exported from these catchments by rivers has remained difficult on a basin scale
(Howarth et al., 1996, 2002). Although there have been numerous model estimates of the
nitrogen budget regionally and globally, balancing the nitrogen cycle with limited
quantitative knowledge of denitrification rates and of major nitrogen sources and removal
pathways is problematic (Davidson and Seitzinger, 2006; Boyer et al., 2006; Groffman et
al., 2006; Burgin and Hamilton, 2007). Hence, uncertainties of model estimates and

predictions are inherently large.

Obtaining quantitative details of nitrogen budgets of rivers can be difficult due to
multiple nitrogen sources and transformations within rivers (e.g. denitrification; Bottcher
et al., 1990). The use of isotope ratio measurements to complement surface water
concentration data has proven useful for identifying sources and processes governing the
nitrogen cycle in riverine systems (Mayer et al., 2002; Kendall et al., 2007). Different
sources of N species often have distinct isotopic signatures. For example, atmospheric
nitrate is characterized by high 8'*Oyos values usually >60%o while synthetic nitrate
fertilizers produced from atmospheric O, and N are characterized by 81801\103 values
between +18 and +22%o and by 5 Nnos values between -5 and +5%o (Kendall et al.,
2007). In addition, nitrate derived from nitrification of ammonium (NHy) in fertilizers,
soil and manure typically have similar 8180N03 values between -15 and +15%., but a
different range of 5! Nnos values (between -10 and +25%o; Kendall et al., 2007). Nitrate
derived from manure and septic systems has typically higher 8'°N values than nitrate
derived from soil, precipitation and fertilizers. Another benefit of isotopic approaches is

the predictable isotopic fractionation that occurs during some biogeochemical processes
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(e.g. denitrification), which can be used in tandem with concentration changes as a tool to
identify whether these process affect riverine nitrate loads (e.g. Mayer et al., 2002; Sebilo
et al., 2003; Mulholland et al., 2008). In addition to denitrification, other nitrogen
transformation processes such as anammox and dissimilatory nitrate reduction to
ammonium have recently been identified as potentially important nitrate removal

pathways of aquatic systems (Burgin and Hamilton, 2007).

Since tracing nitrate sources and sinks using stable isotopes can be difficult in watersheds
with multiple nitrogen sources (e.g. Gravotta, 1997, Mayer et al., 2002), a study in a
watershed with relatively few spatially separated land use activities is desirable for
testing how isotopic techniques can be effectively applied in nitrate source identification,
tracing, and apportionment in riverine systems. The Bow River in Alberta (Canada)
provides an excellent opportunity for testing the effectiveness of isotopic techniques in
source apportionment of riverine nitrate on a basin scale since it flows through three
distinct land use regions (Figure 1). This river originates in rather pristine forested
headwater catchments in the Rocky Mountains. Subsequently, the river flows eastwards
through the foothills and through the major urban center Calgary with a population
exceeding one million (Statistics Canada 2011). Downstream of Calgary, the river
meanders through agricultural land that is partially irrigated. Therefore, the two major
anthropogenic nitrate sources, urban wastewaters from the city of Calgary and

agricultural return flows, are spatially separate in the Bow River Basin.
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Continued urban expansion and population growth in southern Alberta make nutrient
loading management in the Bow River increasingly challenging. Low dissolved oxygen
levels (< 5 mg/L) have been observed in spring and fall in the Bow River downstream of
Calgary (e.g. Iwanyshyn et al., 2008; Robinson et al., 2009) indicating a deteriorating
water quality. Intensified diel cycles are attributed to macrophyte and periphyton
photosynthesis and respiration that is driven in significant part by wastewater loading
(Iwanyshyn et al., 2008). An inverse correlation between macrophyte growth and
wastewater nitrogen loading observed on a decadal scale (Sosiak, 2002) suggests riverine
nitrogen plays an important role in causing low pre-dawn dissolved oxygen levels.
Improved understanding of nitrogen sources is therefore an important component for
managing riverine aquatic ecosystems and for ensuring that urban and agricultural
activities can continue to develop sustainably without exacerbating the nutrient loading of

the Bow River.

The objective of this study was to combine physical, chemical and isotopic approaches to
identify and apportion nitrate sources in the Bow River along its flow path through
regions with markedly different land use. It was anticipated that the application of stable
1sotope techniques would reveal unique information about nitrate sources that may be

beneficial for improving watershed management practices.

2. Study Area
The Bow River flows for 645 km through southern Alberta, Canada, with an annual

discharge between 3 and 4 x10° m*/yr. The Rocky Mountain catchments constitute 30%
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(7714km?) of the total basin drainage area and the prairies account for the remaining 70%
(Grasby et al., 2000). The Rocky Mountains receive between 500 and >800 mm of
precipitation annually in a cold and humid climatic regime whereas the prairies are semi-
arid, receiving only 300-400 mm of precipitation annually (Atlas of Canada 2009).
Meltwaters from snowpack and to a lesser degree, melting of glacial ice, in the Rocky
Mountains are important sources of headwater flow for the Bow River (Bow River Basin
Council, 2005) resulting in seasonally highly variable discharge, with peakflow typically
occurring between late May and July. Flow recession typically starts in July followed by
transition into baseflow periods, which usually last from August until early spring
snowmelt in April. Relatively little flow contribution is thought to come from the prairies,
which have a net evapotranspirative deficit with dominantly non-flow contributing and
internally isolated drainage systems that become often endorheic in the lower watershed

(Agriculture and Agri-Food Canada 2008; Last and Ginn, 2005).

The majority (>85%) of the watershed population lives in the City of Calgary (Pernitsky
and Guy, 2010), which consequently has the largest contribution of treated wastewater
effluent. In Calgary, the Bonnybrook Wastewater Treatment Plant (BBWWTP) treats the
largest fraction of wastewater with a designed capacity of up to 500 x 10° L/day followed
by the Fish Creek Wastewater Treatment Plant (FCWWTP) with a capacity of only 72 x
10° L/day (City of Calgary 2009). The Pine Creek Wastewater Treatment Plant became
operational in May 2009 after the field work for this study was completed. Three small
towns upstream of Calgary with wastewater effluent discharge licenses (for a combined

total of up to 40 x 10%/day) are located within the upper 150 km of the watershed. Two
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small licensed treated effluent discharges occur downstream of Calgary: Strathmore
releasing ~3.6 x 10° L/day (Pernitsky and Guy, 2010) into the Bow River about 40km
east of Calgary, and Okotoks with a 5.1 x 10° L/day license with discharge to a tributary

of the Highwood River.

In the late 1970s, biomass blooms driven by wastewater nutrients in the Bow River
(Ongley and Blachford, 1982; Hamilton, 1982) prompted the city of Calgary to upgrade
its wastewater treatment facilities. Currently, all wastewater treatment facilities located
within the Bow River Basin are tertiary wastewater treatment plants (City of Calgary
2009; Epcor Utilities 2010). The wastewater treatment plant (WWTP) upgrades have
improved the water quality in the Bow River. A correlation between decreasing
occurrences of aquatic macrophytes and reduced nitrogen load suggests that the Bow

River may be nitrogen limited (Sosiak 2002).

The Bow River provides drinking, stock, and irrigation water for many small
communities scattered on the semi-arid prairies east of Calgary. Agricultural activities
account for 77% (2.8x10"L) of the annually licensed Bow River water allocation, while
17% 1s licensed for municipalities (Bow River Basin Council 2005). Most of the irrigated
agriculture occurs downstream of Calgary, with agricultural return flows reaching the
Bow River via the irrigation canal network. Sewage from smaller prairie communities is
typically treated by lagoons with intermittent discharge to the Bow River via irrigation

canals and prairie creeks (Bow River Basin Council 2005).
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Although the Bow River has numerous near-pristine tributaries occurring mostly in the
Rocky Mountains, two large Rocky Mountain tributaries, the Elbow and Highwood
Rivers, reach the plains. The Elbow River discharges at Calgary, while the Highwood
River joins the Bow River circa 80 km below Calgary. Of these two tributaries, only the

Highwood River is impacted by a licensed effluent discharge.

3. Methods

3.1 Data Collection and Sampling

Daily flow data of 16 stations (Figure 1) were obtained from Alberta Environment
(AENV) and the Water Survey of Canada. Four of the Bow River sampling sites (Site #1,
3,7, and 19) correspond to AENV flow stations. Flows at Site #2 were estimated by
combining the upstream flows at Banff with those of the nearby Spray River. Flow at
Calgary (Site #4) was approximated by using flow data measured by AENV ~10 km
downstream. Given the non-flow contributing drainage systems of the praries, flow at
Site #11 was assumed constant as that measured by AENV 60 km upstream (below the
Bassano Dam). Within the irrigation districts on the prairies, AENV monitors the flows
of three prairie creeks (i.e. Crowfoot Creek, New West Coulee and Twelve Mile Creek)
corresponding to Sites #9, 16, and 18 on Figure 1. The flows of the three major irrigation
canals diverted from the Bow River at Calgary, Carseland and the Bassano Dam were

also obtained.
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River water was sampled monthly along the Bow River at ten locations (numbered
sequentially with flow distance relative to the town of Lake Louise (0 km); Figure 1) and
at the Highwood River near the mouth (Site #6) between June 2007 and July 2008. Nine
prairie creeks draining irrigated agricultural fields were sampled between September
2007 and July 2008. Fieldwork was paused during winter months (December to March)
due to ice cover. Treated wastewater effluent samples were obtained from the two
WWTPs in Calgary in April, May and July of 2008. The mainstem sites at the Bow River
are referred to by their flow distance (ranging from 0 km at Lake Louise to 571 km at
Ronalane; Figure 1), while tributary and creek sites are referred to by their site numbers

(e.g. Site #6 for the Highwood River).

3.2 Laboratory Analyses

Nitrate concentrations (reported here as mg NO3/L) were determined using an ion
chromatography system (EPA600/4-87/062) and ammonium (NH4") was measured by the
automated Phenate EPA350.1 method with detection limits (MDL) of 0.04 mg/1 for NO3
and 0.0068 mg/L for NH4. Chloride (CI) concentrations were determined using an ICS-
1000 Dionex Ion Chromatography system. The measurement uncertainty of Cl

concentrations was <+5% of the reported concentrations.

The isotopic composition of nitrate was determined by converting NOj; to N,O gas using
the bacterial denitrifier method of Sigman et al. (2001) and Casciotti et al. (2002). The
N,O gas was subsequently trapped cryogenically in a Trace Gas Pre-Concentrator,

purified by gas chromatography, followed by mass spectrometric (Finnigan MAT delta
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plus XL) measurements of ’N/"*N and '*0/'°O ratios. Ammonium-nitrogen was
quantitatively converted to (NH4),SO, using the diffusion method (Sebilo et al., 2004).
The (NH4),SO4 precipitates were then freeze-dried, packed into tin cups and thermally
decomposed in an elemental analyzer (Fissions NA 1500) to generate N, gas for
subsequent °N/'*N measurements. Isotope data are reported in the internationally

accepted delta (0) notation in per mil (%o):

) [%o] = [(Rsample / Rstandard) '1] x 1000

where R denotes the ""N/'*N or '*0/'°O ratios respectively. The 5'°N values of nitrate
(615 Nnos) and NHy (815 Nnma) are reported with respect to air, whereas the 5'80 values of
nitrate (8'*Ono3) are reported with respect to Standard Mean Ocean Water (V-SMOW).
The precision and accuracy were £0.3%o for BISNNog, +0.5%o for 8'° Nnna4, and £0.5%o for

5" 0n0s.

3.3 Data Management

Mole ratios of NOs/Cl were calculated and used to trace the fate of effluent nitrate in the
Bow River downstream of WWTPs. Since Cl is conservative, its usefulness is not
limited to tracing wastewater impact along the river flow path. When combined with
NO;, variation in the NO3/Cl ratio can help identify potential sources of nitrate other than
wastewater effluents and possible sinks of nitrate along the river flow path (e.g.

Vandenberg et al., 2005).

11
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Annual or monthly discharge of the Bow River at each sampling location was estimated
by summing average daily flow values. Fluxes of nitrate in the Bow River were
estimated by multiplying concentrations with flows. The annual mass loads of nitrate
were discharge-weighted averages of the total 2007 and 2008 fluxes. For locations
upstream of Calgary (0-212 km), the average nitrate concentrations were used because
nitrate concentrations in the upper reaches of the Bow River were low (<0.4 mg/L) and
typically did not vary by more than 0.2 mg/L (see section 4.1). For the Bow River
downstream of Calgary (302-378 km), the unknown daily nitrate concentrations were
extrapolated based on daily flow values using the NOs-flow relationship discussed in

section 4.1.

Mass and isotope balance calculations were carried out with the isotopic composition of

the mixture (8gna1) being described as follows:
dﬁnal = é. (](, ’ 0:) giVen that (;:aé f; = 19
! e 9

where 1 is the fraction of contributions from source i with an isotopic value of 6; and # is

the total number of sources contributing to the final mixture.

4. Results
4.1 Flow and nitrate concentrations
While peak annual flows in the uppermost part of the watershed (0 km) were below 70

m’/s, flow in the lower reaches of the river reached a maximum of 500-1000 m*/s during

12
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the May to June snowmelt and rainfall season (Figure 2). In contrast, Bow River flows
were lowest in the winter and early spring with values ranging from as low as 1-2 m’/s at
Lake Louise (0 km) to as high as 40-70 m*/s at 179 km at the downstream edge of
foothills (Figure 2). Downstream of the Rocky Mountain Foothills, the Bow River did not
exhibit sustained increase in flow with distance. Rather, flow throughout the prairies after
the confluence with the Highwood River remained relatively constant and similar to that
at 302 km (Figure 2). Volumetrically, >95% of the equivalent total discharge of the Bow
River at its mouth originates in the Rocky Mountain portions of the catchment (Table 1).
The prairie parts of the catchment are characterized by many non-contributing drainage
areas (Agriculture and Agri-Food Canada 2008) and make only very small contributions

to the total discharge of the Bow River Basin (estimated as <0.3%; Table 1).

Bow River nitrate concentrations ranged from 0.10 mg/L in the headwaters at Lake
Louise (0 km) to 7.89 mg/L at 513 km in the final reach of the river during the fall (Table
2; Figure 3). Consistently low nitrate concentrations (<0.74 mg/L) were observed
upstream of the WWTPs in Calgary while up to an order of magnitude increase in nitrate
concentrations was observed downstream of Calgary (Table 2 and Figure 3). Throughout
the prairie reaches downstream of Calgary, the mainstem nitrate concentrations of the
Bow River remained elevated with seasonal variations (Figure 3). Nitrate concentrations
downstream of Calgary approached 4-8 mg/L during baseflow periods in the fall and
early spring, were intermediate (between 1 and 4 mg/L) in mid-late summer, and were

lowest around 1 mg/L in spring and early summer (Figure 3).

13
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Nitrate concentrations in the Highwood River (Site #6) ranged from non-detectable
(<0.04 mg/L) to as high as 1.32 mg/L in November (Table 2) and were also variable in
the prairie creeks. Some creeks had consistently low nitrate concentrations (<1 mg/L or
not detectable) while some had occasionally higher nitrate concentrations (>1 mg/L).
During a runoff event in June 2008, nitrate concentrations ten times the detection limit
(0.04 mg/L) were observed in prairie creeks at Sites #9, 10 and 14 in June 2008 (Table 2).
Nevertheless, the most notable occurrence of elevated nitrate concentrations were
sporadic; for example, the April 2008 peak nitrate concentration (5.5 mg/L) in Crowfoot
Creek (Site #9, Figurel) was more than two orders of magnitude higher than baseflow
concentrations (<0.04 mg/L; Table 2). Similarly, nitrate concentrations at Site #10
during baseflow periods (Oct, Nov and Apr) ranged between 3.18 and 6.46 mg/L, which
were significantly higher than nitrate concentrations (<0.43 mg/L) observed in mid spring

and summer (May-July) (Table 2).

Nitrate concentrations in treated wastewater effluent from Calgary’s BBWWTP ranged
between 50 and 66 mg/L (Table 2). Treated wastewater effluent from the FCWWTP in
Calgary, which does not have biological N removal, had low nitrate concentrations of
<0.4 mg/L. In contrast NH4 concentrations were high around 30 mg/L in FCWWTP

effluent, and low in BBWWTP effluent (<0.5 mg/L; Table 2).

A linear relationship between nitrate concentration and flow was observed upstream of

Calgary (0 — 212 km) during the June-July peakflow period in both 2007 and 2008,

whereas no apparent relationship to flow was observed during baseflow (August —

14
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November) or early spring runoff season (April — May; Figure 4a). In contrast, an
inverse hyperbolic concentration-flow relationship was observed at sampling stations
downstream of Calgary (Figure 4b). This inverse relationship exhibited high nitrate
concentrations (~ 2 - 8 mg NOs/L) at low flow below 50 m’/s, and low concentrations (<
2 mg NO3/L) at high flow exceeding 100 m*/s. Data points below the hyperbolic curve
represent the lowest reach of the river (482 to 571 km) during the irrigation season from

mid May to late September (marked as open symbols in Figure 4b).

4.2 NO3/Cl ratios

Molar equivalent ratios of NOs/CI were only considered below Calgary where WWTP-
released chloride concentrations are significant. The BBWWTP effluent had high
NO3/Cl molar equivalent ratios (>0.27) relative to the FCWWTP effluent and the river
water downstream of Calgary that had NO;/Cl ratios <0.27 (Figure 5). Decreased NO3/Cl
ratios were consistently observed in the 15 km nitrate rich wastewater mixing zone
between BBWWTP and FCWWTP (231 km — 245 km) and throughout the rest of the

river downstream of the city (Figure 5).

4.3 Isotopic composition of nitrate

There is no wastewater release or agricultural influence in the headwaters of the Bow

River above Lake Louise (0 km). Here, the 8]5NN03 values varied between -0.1 and +3.5%o
and 8'®Ono3 values ranged between +6.8 and +11.3 %o (Table 2; Figure 6). From the
headwaters at Lake Louise (0 km) to Calgary downstream of WWTPs, §'°Nyo;3 values

increased from +1%o to +8%o while 8'*Ono;3 values decreased by about 20%o approaching

15
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a value of -8%o (Figure 7). The isotopic composition of Bow River nitrate remained
relatively constant at +8%o and -8%. for 8" Nnos and 6180N03 respectively downstream of
Calgary. The isotopic compositions of nitrate in river water samples collected between
Lake Louise and Calgary’s WWTPs (i.e. at 99, 179, and 212 km) were intermediate
between those samples from up- and down-stream sites with values around +5%o for

8'*Nnos and +2%o for 8"*Onos (Figures 6,7).

The 8"°Nyos values of the Highwood River varied between +5 and +12%., with lower
values (< +7.5%o) during the May to July snowmelt and rainfall season and consistently
higher values (>10%o) during the November to April baseflow periods (Table 2). Waters
sampled from prairie creeks had 8'°Nyos values that were similar to those of the lower
Bow River (between +5 and +12%o), but many had high 6180N03 values between +10 and
+30%o (Figure 6). Elevated 8" 003 values occurred in waters containing low (<0.2 mg/L)
nitrate concentrations, whereas 615NN03 values showed no correlation with nitrate
concentrations (Table 2). The 615NN03 and 6180N03 values of baseflow nitrate at prairie
creek Site #10 were similar (7.9 and 7.0%o for SISNNog, and -10.3 and -10.1 for 6180N03)
to those of wastewater nitrate from the BBWWTP in Calgary (7.7 to 8.3%o for 815NN03,
and -9.5 to -9.7%o for 618ONO3; Tables 1, 3; Figure 6). The 615NN03 values of BBWWTP

effluent were similar to the &' °Nypu4 values from the FCWWTP (8.0-9.1%o).

5. Discussion

5.1 Nitrate concentration-flow relationships

16
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Nitrate concentrations in the Bow River upstream of Calgary are seasonally and
hydrologically controlled. The linear relationship showing nitrate concentration increases
(between 0.20 and 0.80 mg/L) with flow in the upstream reaches (0 to 212 km) during
peak flow periods (Figure 4a) suggests that nitrate loading from the mountain catchments
is related to drainage-contributing watershed area. Increased nitrate concentrations in late
spring and early summer suggest that nitrate from the headwater portions of the
watershed is exported into the Bow River during snowmelt and rainfall periods.

Although temporally variable, nitrate concentrations are relatively constant with flow

distance in the upper portions of the Bow River watershed.

In contrast to the upstream reaches, Bow River nitrate concentrations below Calgary
appeared hyperbolically related to flow (Figure 4b). This type of relationship is
commonly observed in rivers due to contributions from varying sources (Johnson et al.,
1969, Salmon et al., 2001). The high discharge-end of the curve (Figure 4b) shows the
effect of increasing dilution of wastewater effluent nitrate with the river’s nitrate
concentrations approaching a minimum value of approximately 1 mg/L, still higher than
nitrate concentrations in the headwaters. Nitrate concentrations in the low-discharge end

of Figure 4b approach high values >7 mg/L indicative of wastewater effluent impact.

5.2 Nitrate Source Identification
In the uppermost headwaters (0 km) where wastewater and agricultural impacts are
absent, the 5! Nnosz and 8]80N03 values of the Bow River fell within the characteristic

range of soil derived nitrate (Table 2; Figure 6). Soil derived nitrate generated by
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ammonification and nitrification of soil organic N (Mayer et al., 2001) in the forested
parts of the Bow River Basin in the Rocky Mountains is thus the dominant source of
nitrate in the pristine headwaters. The isotopic composition of nitrate between 0 km and
Calgary WWTPs at 99, 179, and 212 km was intermediate between that typical for soil-
derived nitrate found at 0 km and that of effluent nitrate from Calgary’s WWTPs.
Although not clearly evident by nitrate concentration values, the change in isotopic
compositions indicates an influence of wastewater-derived nitrate between Lake Louise
(0 km) and Calgary WWTPs (231, 245 km). Downstream of Calgary, the isotopic
composition of nitrate in the Bow River remained relatively constant and similar to the
isotopic composition of wastewater nitrate from the WWTPs. This suggests that the
nitrate rich wastewater discharge from Calgary is the dominant source of nitrate

throughout the lower reaches of the river.

The 8"°Nnos and 8'*Oyos values of the prairie creeks were more variable, fluctuating
within 8%o and by >40%o respectively (Table 2). The similarity of the prairie creek
8'"Nnos values to Calgary wastewater nitrate (within +4%o) suggests that nitrogen isotope
ratios may not be useful for distinguishing agriculturally derived nitrate sources from
wastewater effluents. The isotopic composition of nitrate at Site #10 (Table 2) is unique
from other creeks in that high baseflow nitrate had isotopic signatures similar to those of
WWTP effluent. The water supply for a number of prairie communities is extracted from
the irrigation canals and reservoirs, and the treated wastewater effluents of local villages
and towns are returned to the Bow River via some of these canals (Bow River Basin

Council 2005). The data suggest, but do not confirm, that some prairie creeks may
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contain nitrate derived from animal and feedlot manure, and septic and domestic
wastewater. Similarly, in the Highwood River during irrigation and baseflow periods,
615NN03 values above +10%o and 8180N03 values near 0%o (Table 2) suggest admixture of

anthropogenic nitrate possibly derived from fertilizer, manure, and sewage effluent.

5.3 6PNyo; and 51801\103 variations with nitrate concentrations

The Bow River 8'°Nyos and 6180N03 values showed well defined relationships with
nitrate concentrations (Figure 8). Riverine nitrate between Lake Louise and Calgary
WWTPs (0, 99, 179, 212 km) exhibited a change in the ' Nyos values of up to 8%o (to
values ~ 5-6%o) and a change in the 8'*Ono3 values of up to 15%o (to values ~5-6%o;
Figure 8), despite a small range of nitrate concentration changes (<0.4 mg/L; Figure 3).
Much more pronounced changes in nitrate concentrations downstream of Calgary
(ranging from ~1 to ~8 mg/L) were accompanied by a comparitively small change in the
1sotopic compositions, which remained similar to wastewater values of around +8%o for
815NN03 and -10%o for 6180N03 (Figure 8). The pattern of isotopic compositions with
flow distance suggests increasing wastewater contributions to the nitrate load in the upper
part of the watershed, and a dominant wastewater contribution below Calgary, where
nitrate concentrations >1 mg/L are persistent. The relationship between the isotopic
compositions and concentrations of NOj is consistent with a two end-member mixing

model.

5.4 Isotope balance estimation
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A two-end member isotopic mixing model was used to evaluate mixing between forest
soil derived nitrate from the headwaters and nitrate contributed by wastewater effluents.
Figure 9 suggests that mixing of different percentages of soil derived nitrate (as
represented by the site at 0 km) with wastewater derived nitrate causes the isotopic values
of riverine nitrate to fall on a mixing line between the isotopic composition of the two
end-members of soil- and wastewater-derived nitrate. However, the contribution of
effluent-derived ammonium needs also to be considered. Of the estimated 3.15kt of
wastewater nitrogen discharged to the Bow River annually, an estimated 72% is
discharged from BBWWTP (66% as NO;3 and 6% as NHy), and 28% from FCWWTP
predominantly as ammonium with §'°Nyna values between 13.2 and 21.8%o (Table 3).
Dilution-corrected wastewater effluent ammonium concentrations tend to decrease to less
than 10% of their initial value after about 10 km flow distance in Bow River (Vandenberg
et al., 2005). It is not clear what fraction of the wastewater ammonium is assimilated as

opposed to nitrified, however.
Nitrification is a bacterially mediated, multi-step process in which oxygen incorporated
into nitrate comes from H,O and O; in a 2:1 ratio (Andersson and Hooper, 1983; Kumar

et al., 1983; Hollocher, 1984). The oxygen isotope ratio of nitrate produced by

nitrification can be estimated as:

8" 0no3 = 2/3 8" 0o + 1/3 8" 00, 4)
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where 800 and 8300, are the isotopic values of water and atmospheric O,,
respectively (Kendall et al., 1997). An average 8'°0 value for Bow River downstream of
Calgary of -18.7%o (Katvala 2008; Hogue 2009; Chao 2011) and a §'*O value of
atmospheric O, of 23.5%o (Kroopnick and Craig, 1972) were used to estimate a 8 *Ono3
value for nitrified wastewater ammonium of -4.6%o (underlined values in Table 3).
Mixing 34% of nitrification-derived nitrate (8'*Onos value of -4.6%o) with 66% of
effluent-derived nitrate (8180No3 of -10%o) would result in a mixture with a 8180N03 value
of -8%o (Table 3). Nitrogen isotope fractionation during nitrification is also well
documented, with enrichment factors that range between -12 and -29%o (Kendall et al.,
1997), but the apparent isotope effect becomes small if ammonium conversion to nitrate
approaches completion. The expected effect of nitrification of all of the effluent
ammonium would be increased 815NN03 and 6180N03 values, as indicated with an arrow in
Figure 9), with predicted values of +9.3%o for 815NN03 and -8%o for 818ON03. The
observed isotopic composition of nitrate in the Bow River fell slightly above the
conservative mixing trend (Figure 9), suggesting that in-stream nitrification of

wastewater ammonium occurred.

The estimated contribution of wastewater derived river nitrate is significant below

Calgary, ranging from 84 to 92% (Figure 9). Despite insignificant nitrate concentration
changes below Lake Louise and upstream of Calgary, the isotopic values suggest that as
much as 50% of the river nitrate is wastewater derived (Figure 9). Urban impacts on the

N budget of the Bow River are thus significant and can be quantitatively estimated.
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5.5 Mass loads of nitrate

The annual mass load of nitrate to the Bow River upstream of Calgary was less than 1.41
kt, increasing to 8.92 kt downstream of the city (302 km; Table 1), with an estimated
Calgary WWTP contribution of about 9.18 kt/yr. Since the prairie contribution of
discharge to the Bow River flow was small (~0.3%) and the nitrate concentrations from
sampled prairie creeks were typically low (non-detectable or <I mg/L), the grossly
estimated total nitrate flux contribution from prairie creeks was <l kt/yr, making only a

minor contribution to the total riverine nitrate load below Calgary.

The 13% difference between the estimated (10.59 kt/yr) and the measured (8.92 kt/yr)
nitrate loads observed between 212 km (Calgary above WWTPs) and 302 km (first Bow
River site downstream of Calgary; Table 1) suggests nitrate is being consumed with or
lost from the river. Elevated nitrate concentrations downstream of Calgary were observed
during low flow periods when the river’s dilution capacity was low. The reduction in
mass flux observed at 302 km can be largely attributed to upstream irrigation withdrawals
(WID and BRID removed an estimated total of 0.69 kt NOs/yr; Table 1) from the Bow
River, and in-stream biological assimilation as observed in reduced NO;/Cl ratios.
Although the total nitrate load to the Bow River from irrigation return flow water and
other agricultural activities was difficult to estimate based on sampled prairie creek
waters, the mass balance (Table 1) suggests they are minor in comparison to urban

discharge of nitrate rich wastewaters.
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6. Summary and Conclusions

Although the annual nitrate mass loads in the Bow River upstream of Calgary’s WWTPs
were low (~1kt), up to half of the Bow River nitrate mass load at 99 km, 179 km and 212
km was derived from wastewater effluents. Peakflow nitrate concentrations increased
linearly with increasing downstream flows in the Rocky Mountains, with 815NN03 and

8% 0no3 values between -0.1 and 3.5%o and +6.8 and +11.3%o respectively. Non-peakflow
nitrate also had an isotopic composition consistent with nitrate derived via nitrification in
forest soils, and concentrations that did not vary systematically with flow. This confirms
that ammonification and nitrification of soil organic N is a major nitrate source in the

forested catchments of the river basin.

In contrast to the headwater reaches, nitrate concentrations downstream of Calgary
decreased with increasing flow, showing dilution of nitrate loads during high flow. The
similarity between the isotopic compositions of nitrate in the Bow River downstream of
Calgary with those of wastewater effluents revealed that nitrate loads to the Bow River
on the prairies are dominantly from Calgary’s WWTPs, especially BBWWTP. Isotope
mass balance estimations showed that wastewater nitrate typically accounted for 84-92%
of nitrate load in the Bow River downstream of Calgary. Although concentrations remain
relatively low upstream of Calgary, the fraction of wastewater derived riverine nitrate is
significant, with stable isotopic compositions at 99 km, 179 km and 212 km indicative of

<50% wastewater.
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This study provides evidence that nitrate in the Bow River is significantly affected by
human wastewater effluents at all sampling sites, except the uppermost sampling site
where urban and agricultural activities are absent. The impact persists throughout the
entire flow length of the river from the second uppermost sampling site (99 km)
downstream to the mouth (570 km). Nitrate inputs from creeks draining through
agricultural fields on the prairies had minimal contribution and insignificant effect on the
isotopic composition of the Bow River nitrate. Isotope ratio measurements provided
unique data for discerning sources and processes that cannot be easily detected with only
chemical and hydrometric analyses. The use of isotopic techniques integrated with
interpretation of flow and chemical data demonstrated that riverine nitrate source
apportionment can be highly effective enabling assessment of their relative contributions
to riverine nitrate fluxes. Such information is of great value for improving watershed

management practices..
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LIST OF FIGURE CAPTIONS

Figure 1 Map of the Bow River Basin in southern Alberta, physiographic regions,
irrigation districts and sampling sites within the river basin. Flow distances measured in
km from Site #1 (Lake Louise) are noted for mainstem sites.

Figure 2 Bow River daily flow (m’/s; 2007-2008) in the Rocky Mountains (Main
Ranges (0 km, black), Front Ranges (99 km; grey), at the downstream edge of the
Foothills (179 km; blue), on the prairies (302 km; dotted red) and near the river mouth
(571 km; solid red).

Figure 3 Bow River nitrate concentrations versus flow distance throughout different
seasons from June 2007 to July 2008. The grey bar indicates the urban Calgary reach.

Figure 4 Relationship between nitrate concentration and flow for a) upstream of
Calgary’s WWTPs (0-212 km) and b) downstream of Calgary from 302-571 km. Linear
regressions (a) and hyperbolae (b) were fitted for the peakflow month of June in 2007 and
2008 (shown in both plots with filled symbols).

Figure5 NO3/Cl mole equivalent ratios in Calgary’s WWTP effluent and in the Bow
River downstream of Calgary. The shaded region indicates the urban Calgary reach.

Figure 6 a) Dual isotope diagram showing the 8'*Ono3 and 8'°Nyo;3 values of samples
from the Bow River, its tributaries, wastewater effluents and the typical isotopic ranges of
the various nitrate sources in the environment. The arrows indicate changes in isotopic
compositions as a result of denitrification (after Kendall et al. 2007; Kool et al. 2007;
Bottcher et al. 1990); b) Plot of 5"80n03 versus 8'°Nyo; values for waters of the Bow
River from headwater to mouth.

Figure 7 Average 51 Nno3z and 8180N03 values of the Bow River along its flow path
between Site #1 and Site #19.

Figure 8 a) 53 Nno3-NOs concentration and b) 8180N03-N03 concentration relationships
for the Bow River during baseflow periods from August 2007-April 2008.

Figure 9 Dual isotope diagram showing 580803 and 8'°Nyo; values produced by
mixing variable amounts of wastewater nitrate with the Bow River headwater nitrate
from forest soils (0 km). The red arrow shows the extent of isotopic shift in wastewater
nitrate under the influence of nitrification of wastewater ammonium (see Table 3 for
derivation of the wastewater nitrification trend). The nitrate flux weighted average values
for sampling sites upstream (99, 179, and 212km) and downstream (248, 302, 482,
571km) are shown.
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Table 1 Analyses of waters obtatined from along the Bow River, selected prairie creeks draining irrigation fields, and treated
wastewater effluents from Calgary. Site #’s are indicated in Figure 1.



Year 2007 Year 2008
Bow River Analyses: Jun Jul Aug Sep Oct Nov Feb Apr May Jun Jul
Sites at:
6/22/07 7/16/07  8/29/07 9/26/07 10/24/07 11/28/07 4/4/08 5/10/08 6/13/08 7/23/08
0 km NOs; (mg/L) | 0.20 0.18 0.14 0.10 0.21 0.30 - 0.31 0.12 0.41 0.46
Site #1 Cl (mg/L) 0.23 0.18 0.16 0.26 0.41 0.35 - 0.38 0.29 0.25 0.22
8"°Nnos (%) | 2.1 0.6 35 0.4 0.1 1.2 - 0.1 18 13 05
8"®0no3 (%0) | 9.5 11.3 10.0 6.8 8.2 8.8 - 7.7 7.5 8.6 9.7
6/22/07  7/16/07  8/29/07 9/26/07 10/24/07 11/28/07 4/4/08 5/10/08 6/13/08 7/23/08
99 km NO3 (mg/L) 0.30 0.20 0.30 0.34 0.31 0.20 - 0.23 0.29 0.56 0.58
Site #2 Cl (mg/L) 0.7 0.6 1.0 1.2 1.3 0.9 - 1.1 1.7 0.9 0.7
8"°Nnos (%o) 4.6 6.3 7.2 5.3 6.2 75 - 75 8.0 4.8 4.9
5'°*Onos (%o) 25 3.3 -0.7 -3.1 -3.9 -10.2 - 3.9 -0.2 0.8 8.3
6/22/07  7/16/07  8/29/07 9/26/07 10/24/07 11/28/07  2/8/08  4/4/08 5/10/08 6/13/08 7/23/08
179 km NO3 (mg/L) 0.40 0.32 0.29 0.28 0.28 0.40 1.24 0.14 0.18 0.65 0.51
Site #3 Cl (mg/L) 1.3 1.3 1.3 1.5 1.6 1.5 2.8 1.3 1.6 1.4 1.1
§"°No3 (%) 3.7 4.9 6.2 5.7 5.6 6.4 7.4 7.0 8.1 5.3 3.4
5'®*Onos (%o) 0.6 -0.4 0.4 -1.7 -0.4 -1.4 -4.6 1.9 4.1 1.4 4.8
6/20/07  7/16/07  8/29/07 9/26/07 10/24/07 11/29/07  2/8/08  4/4/08 5/10/08 6/13/08 7/23/08
212 km NO3 (mg/L) 0.38 0.27 0.21 0.25 0.33 0.50 0.48 0.44 0.33 0.74 0.61
Site #4 Cl (mg/L) 1.7 1.3 1.6 2.0 2.0 2.0 1.5 1.5 3.0 3.2 1.3
§"°No3 (%) 35 6.9 6.6 6.3 5.9 5.8 4.4 7.4 9.5 5.1 5.3
5'®*Onos (%o) 3.4 2.1 0.6 0.2 15 14 15 1.1 -0.9 7.7 3.0




248 km
Site #5

302 km
Site #7

378 km
Site #8

482 km
Site #11

513 km
Site #15

NO; (mg/L)
Cl (mg/L)
8"°Nnos (%o)
8"0no3 (%o)

NO; (mg/L)
Cl (mg/L)
8"Nnos (%o)
8"0no3 (%o)

NO; (mg/L)
Cl (mg/L)
8"Nnos (%o)
8"0no3 (%o)

NO; (mg/L)
Cl (mg/L)
8"Nnos (%o)
8"0no3 (%o)

NO; (mg/L)
Cl (mg/L)
8"Nnos (%o)
8"0no3 (%o)

6/20/07
1.56
6.1

6.7

-7.6

6/19/07
1.03
3.9

7.3

-5.3

6/19/07
1.29
4.3

6.8

-7.4

6/19/07
1.39
4.7

59

-7.6

6/19/07
0.94
4.0

6.8

-6.0

7/17/07
1.72
55

8.8

-7.3

7/17/07
1.32
4.3

8.5

-8.3

7/17/07
1.05
4.2
10.8
-3.3

7/17/07
1.11
4.6
10.2
-5.8

7/17/07
0.42
4.5
11.0
2.8

8/30/07
3.54
9.4

8.5

-8.8

8/30/07
2.29
6.5

8.4

-9.9

8/30/07
3.12
7.1

8.8

-9.7

8/30/07
2.42
6.2

8.9

-1.7

8/30/07
1.85
6.0

9.5

-7.8

9/29/07
4.30
9.4

8.4

-8.8

9/28/07
3.99
7.2

8.6

-9.5

9/28/07
2.73
7.5

9.0

-8.6

9/28/07
2.44
7.5

9.0

-8.5

9/28/07
0.99
7.4

9.2

-55

10/25/07
3.76
21.0

7.7
-9.2

10/25/07
4.01

7.8

9.3

-11.0

10/25/07
4.37

8.6

8.6

-10.3

10/26/07
4.60

8.8

7.6

-10.5

10/26/07
3.66

7.8

7.7

-10.0

11/29/07
4.37
14.2

7.8
-8.1

11/29/07
4.94
10.4

7.1
-10.6

11/29/07
6.20
10.4

7.2
-10.2

11/30/07
7.34
11.3

6.6
-3.9

11/30/07
7.89
154

7.1
-10.1

2/8/08
5.16
135

7.7
-8.5

2/7/08
6.16
8.4
6.4
-10.2

4/2/08
5.84
19.9

8.7
-8.2

4/3/08
6.05
10.6

8.0
-7.9

4/3/08
4.40
12.3

8.7
-7.5

4/3/08
3.46
9.2
8.2
-8.1

4/3/08
4.81
9.9
8.4
-8.0

5/8/08
3.36
27.5

7.6
-2.7

5/10/08
4.35
24.5

8.5
-7.1

5/10/08
3.75
12.7

7.8
-8.4

5/9/08
1.29
171

9.1
-5.6

5/9/08
1.94
14.3

8.9
-4.8

6/12/08
1.43
5.7

7.9

-5.8

6/10/08
1.40
4.3

7.0

-3.8

6/10/08
0.45
4.4

8.2

-4.4

6/11/08
2.00
4.7

7.0

-0.9

6/11/08
1.63
4.7

7.6

-5.4

7/22/08
0.68
7.7

7.9

-8.9

7/21/08
0.94
4.5

7.9

-9.3

7/21/08
0.52
4.6

8.0

-7.6

7/22/08
1.87
51

7.9

-6.0

7/21/08
1.35
4.5

8.6

-2.0



571 km
Site #19

Prairie Sites:

Highwood R.

272 km
Site #6

Crowfoot CKk.

406 km
Site #9

481 km
Site #10

487 km
Site #12

NO; (mg/L)
Cl (mg/L)
8"°Nnos (%o)
8"0no3 (%o)

NO; (mg/L)
Cl (mg/L)
8"Nnos (%o)
8"®0no03 (%o)

NO; (mg/L)
Cl (mg/L)
8"Nnos (%o)
8" 0no03 (%o)

NO; (mg/L)
Cl (mg/L)
8"Nnos (%o)
8"0no3 (%o)

NO; (mg/L)
Cl (mg/L)
8"Nnos (%o)
8"0no3 (%o)

6/19/07
1.40
4.1

6.4

-8.5

6/19/07
0.25
1.5

51
-17.8

7/17/07
0.07
5.0
114
3.3

7117/07
<0.04
1.8

6.4
-18.2

8/30/07
1.35
7.0

9.8

-5.9

8/30/07
0.09
2.6
10.3
-18.4

9/28/07
1.68
7.2

9.1
-8.5

9/29/07
<0.04
2.4
11.0
-18.0

9/28/07
<0.04
13.6
3.8
23.0

9/28/07
<0.04
9.7
10.1
14.4

10/26/07
3.18

8.2

7.1
-10.7

10/25/07
0.20

2.7

10.2
-18.0

10/26/07
0.04
16.8
11.9
30.0

10/26/07
4.46

9.3

7.9

-10.3

11/29/07
6.66

9.7

7.5

-10.2

11/29/07
1.32

7.4

10.4
-19.3

11/30/07
<0.04
37.9

6.7

24.5

11/30/07
6.46
11.3

7.0
-10.1

4/3/08
4.75
9.9
8.6
-8.7

4/4/08
1.13
5.3
10.3
-18.7

4/3/08
5.75
33.9

7.1
23.5

4/3/08
3.18
9.2
8.7
-6.9

5/9/08
1.87
13.9
11.0

-2.5

5/10/08
0.40
4.9

7.2
-18.9

5/10/08
<0.04
29.0
6.3
23.5

5/9/08
0.11
15.0
12.4
10.6

5/9/08
0.06
195

8.4
26.3

6/11/08
1.70
4.8

7.4

-5.3

6/10/08
0.26
1.4

7.4
-17.9

6/12/08
0.77
32.8
10.6

6.5

6/11/08
0.43
6.6

5.2
15.6

6/12/08
4.43
4.5
11.3
1.5

7/21/08
0.64
5.1

9.3

0.5

7/21/08
0.25
1.7
11.2
-18.7

7/22/08
0.29
13.9

6.6
25.1

7/22/08
0.25
5.8

8.3
20.9

7/22/08
0.31
5.0

9.0

3.6



498 km
Site #13

503 km
Site #14

516 km
Site #16

524 km
Site #17

557 km
Site #18

NO; (mg/L)
Cl (mg/L)
8"°Nnos (%o)
8"®0no3 (%o)

NO; (mg/L)
Cl (mg/L)
8"°Nnos (%o)
8"®0no03 (%o)

NO; (mg/L)
Cl (mg/L)
8"°Nnos (%o)
8"®0no03 (%o)

NO; (mg/L)
Cl (mg/L)
8"°Nnos (%o)
8"0no3 (%o)

NO; (mg/L)
Cl (mg/L)
8"°Nnos (%o)
8"0no3 (%o)

9/28/07
<0.04
7.6

5.0
21.7

9/28/07
<0.04

11.6
n.d.

n.d.

9/28/07
0.04
7.2

7.9

1.2

9/28/07
<0.04
8.9

5.1
28.8

10/26/07
0.68

8.0

9.0

1.2

10/26/07
<0.04
8.8

7.8

29.9

10/26/07
0.01
20.0

9.5
28.9

10/26/07
0.08
10.9

3.7
14.6

10/26/07
0.08

9.2

-0.5

12.0

4/3/08
0.04
7.7
-2.8
13.1

4/3/08
0.01
155

8.0
25.0

4/3/08
0.02
10.2

6.5
28.8

5/9/08
1.01
17.1
10.4

-1.9

5/9/08
0.02
9.6
7.2
26.4

5/9/08
<0.04
12.9
7.6
24.6

5/9/08
0.31
17.8

6.3
1.0

5/9/08
0.19
15.0

4.6
16.8

6/12/08
0.46
17.4

55
10.8

6/11/08
0.51
9.3
10.4
29.9

6/11/08
X

12.8
n.d.

n.d.

6/11/08
0.48
25.5
17.8

4.2

6/11/08
<0.04
8.6
15.6
24.6

7/22/08
0.24
51

5.9

5.4

7/22/08
<0.04

11.4
n.d.

n.d.

7/21/08
X

11.1
n.d.

n.d.

7/21/08
X

4.5
n.d.

n.d.

7/21/08
X

8.7
n.d.

n.d.



572 km
Site #20

WWTPs at:

231 km
(BBWWTP)

245 km
(FCWWTP)

- : not sampled

NO; (mg/L)
Cl (mg/L)
8"°Nnos (%o)
8"0no3 (%o)

NO; (mg/L)
NH4 (mg/L)
Cl (mg/L)
8"°Nnos (%o)
8N4 (%o)
8" 0no03 (%o)

NO; (mg/L)
NH4 (mg/L)
Cl (mg/L)
8"°Nnos (%o)
8N4 (%o)
8"0no3 (%o)

n.d.: not detected

x : data not reported due to possible measurement error

9/28/07 10/26/07
<0.04 <0.04

11.2 15.2
n.d. -0.2
n.d. 6.5

4/4/08
48.81
0.3
98.2
7.7
n.d.
-9.6

4/4/08
0.30
30.4

119.7
10.2
8.3
1.8

5/9/08 6/11/08 7/21/08

0.05
12.2

6.3
14.7

5/10/08
56.72
0.4
83.8
8.3
21.8
-9.5

5/10/08
0.06
28.8
96.9
12.7

9.1
8.4

<0.04

12.1
n.d.

n.d.

<0.04

11.9
n.d.

n.d.

7/22/08
65.53
0.2
77.2
7.7
13.2
-9.7

7/23/08
0.38
28.7
92.3

9.2
8.0
0.0



Table 2 Estimates of annual average discharges and NOj3 loads of the Bow River from Lake Louise to Ronalane and unknown souces
or sinks along the flow path. Discharge and NOs load contributions from the Rocky Mountain headwaters, Calgary’s WWTPs and the

prairie reaches are given in percentages. Sources include the Elbow and Highwood Rivers, two wastewater treatment plant effluents
(BBWWTP and FCWWTP), and three irrigation canals (WID, BRID, and EID).



Estimated Sources or

Estimated

Estimated WWTP

Estimated Prairie

Site# | Dist. Total Estimated Sinks between Stations Headwater Input Input Input
Discharge NO; Load Discharge NO; Load Discharge NO; Discharge NO; Load Discharge NO;
(km) (x 10°L) (kt) (x 10°L) (kt) (%) Load (%) (%) (%) (%) Load (%)
1 0 317 0.09 - - 100 100 0 0 0 0
2 929 1309 0.34 992 0.25 100 100 0 0 0 0
3 179 3064 1.37 1755 1.03 100 100 0 0 0 0
4 212 3026 1.41 -38 0.04 100 100 0 0 0 0
Elbow R. | ~229 +315 +0.07 - - - - - - - -
WID ~229 -93 -0.04 - - - - -
BBWWTP | 230
+ +
FCWWTP | 245 +167 +9.18 - - - - - - - -
Highwood
R. 272 +695 +0.19 - - - - - - - -
BRID ~301 -295 -0.65 - - - - - - - -
7 302 3687 8.92 -128 -1.24 99.0 17 4.2 96 -3.2 -13
EID 425 -489 -1.98 - - - - - - - -
11 482 3158 * -40 * * - * - *
19 571 3304 * 146 * 95.7 * 4.1 * 0.3 *

- 2 not applicable

* . nitrate fluxes not reported since a majority of NO3 concentrations are not correlated with flow (open circles in Figure 4b)
Italic: major sources of input (tributaries and WWTPSs) or withdrawal (main irrigation canals) in and downstream of Calgary




Table 3 Summary of results and the parameters used in the isotope mass balance calculations. The estimated range of isotopic
values from conservative mixing of NO3 and nitrified NH, are shown in italics. The §'®0no3 values (underlined) from presumed
nitrification of NH, are estimated using isotopic mass balance whereas the rest of the isotopic values are measured.



BBWWTP FCWWTP
NO;-N NH,-N NO;-N NH,-N Total N
Flux (kt/yr) 2.07 0.18 0.002 0.88 3.15
Mass Load % 66.0 5.7 0.1 28.2 100
8'°N (%o) 771083  132t021.8 9.2t0127 8.0t09.1 +8.1t0 +9.3
(as 615NN03)
8180 (%o) -9.5 10 -9.7 -4.6 0.0t0 8.4 -4.6 -7.810-8.0
(as 618ONos)
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MODELLING TEMPERATURE, BODY SIZE, PREY DENSITY, AND STREAM GRADIENT
IMPACTS ON LONGITUDINAL PATTERNS OF POTENTIAL PRODUCTION OF
DRIFT-FEEDING TROUT
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ABSTRACT

In this study, we modelled idealized stream reaches using empirical hydrodynamic and bioenergetic parameters to predict how rainbow trout
production depends on physical and biological variations across a downstream gradient, and we compared these downstream effects in a low
and high-gradient stream reach. We found that longitudinal production potential (i.e. net rate of energetic intake per 100 m of stream length)
generally increased with increasing stream size when stream gradient was low. This was not the case, however, for high- radient streams,
wherein maximum longitudinal production potential was associated with middle or low stream size (Oyap=2.5 to 25m”s™ ). Areal produc-
tion potential (net rate of energetic intake per m? of wetted stream bed) reached a maximum at low stream size (Onyap =2.5 m’ s~ 1) with both
high and low gradients. We also showed that high stream temperature and low drift density could potentially cause adult rainbow trout to be
excluded from stream reaches with high flow. The models presented here have a stronger mechanistic basis for predicting fish production
across heterogeneous stream environments and provide more nuanced predictions in response to variation in environmental features than their
physical habitat-based predecessors. Copyright © 2016 John Wiley & Sons, Ltd.

KEY WORDS: hydraulic geometry; river continuum; fish production potential; invertebrate drift; fish bioenergetics; stream size; net rate of energy intake
modelling

Received 16 October 2015; Revised 14 April 2016, Accepted 13 May 2016

INTRODUCTION Vadas and Orth, 2001). Physical habitat (hydraulic) models
produce an estimate of habitat quality within a stream reach
called weighted useable area (WUA) (Bovee, 1982; Milhous
et al., 1989; Jowett, 1998). WUA within a reach is calculated
as the sum of the products of the areas and habitat suitability
index values for all cells within a reach (Vismara et al.,
2001). Physical habitat models are most often used for
assessing not only how availability of fish habitat changes
with flows (Jowett, 1998) but can also be used to provide a
comparison of WUA (i.e. fish habitat quantity and quality)
between stream reaches that vary in gradient and stream size
(Laliberte et al., 2014). To translate WUA into flow manage-
ment recommendations for fish production or to understand
variation in fish production along a continuum in stream size,
it is generally assumed that fish population abundance and/or
biomass is linearly related to WUA (Bovee and Milhous,
1978; Anderson et al., 2006). There is, however, very little
empirical support for linear WUA-biomass relationships
(Scott and Shirvell, 1987; Rosenfeld, 2003). Furthermore,
many argue that fish habitat preference is determined by
complex processes involving many abiotic and biotic
*Comespondence to: 1. R. Post, Department of Biological Sciences variables, which are all influenced by stream discharge
University of Calgar}./, éalgéry, Alberta T2N 1N4, Canada. ' (Railsback and Rose, 1999), many of which are ignored by
E-mail: jrpost@ucalgary.ca most physical habitat models (Anderson et al., 2000).

Stream systems are highly complex and change as they flow
downstream (Lotrich, 1973; Naiman et al., 1987). The
dominant paradigm for describing the downstream changes
in fluvial processes and the resulting changes in instream
habitat, biodiversity, and community structure remain the
river continuum concept (Vannote et al., 1980) and its deri-
vatives (e.g. the serial discontinuity concept; Ward and
Stanford, 1995; Rice et al., 2001; Stanford and Ward, 2001).
The mechanistic connection between fluvial processes and
biological responses across the river continuum, however, is
poorly understood. In particular, the use of physical models
of stream flow across a longitudinal gradient to predict and un-
derstand changes in fish production and abundance has seen
surprisingly limited development (Rosenfeld et al., 2007).
Physical habitat structure (e.g. water depth, water velocity,
cover, and substrate composition) is important for determi-
ning animal abundance and species composition within a
stream (Bovee et al., 1998; Peeters and Gardeniers, 1998;

Copyright © 2016 John Wiley & Sons, Ltd.
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Unlike physical habitat models, bioenergetic models
consider how fish respond to numerous interacting abiotic
and biotic variables. Bioenergetic models accomplish this
by combining models of drift transport and drift-foraging
behaviour to provide spatially explicit estimates of the net
rate of energetic intake (NREI) or production rates as a
measure of habitat quality within a study reach (Kelly
et al., 2005; Hayes et al., 2007; Piccolo et al., 2014).
Production is the rate of somatic and gonadal tissue growth
during a given period of time for an individual or entire po-
pulation (Mahon and Balon, 1985). Bioenergetic models
have been shown to generate reasonable predictions of
habitat selection (Hughes and Dill, 1990), behaviour
(Railsback and Harvey, 2002), and growth (Rosenfeld and
Taylor, 2009) in contrast with predictions from physical
habitat models (Railsback et al., 2003). As a result, bioener-
getic models are emerging as more biologically realistic
alternatives to physical habitat models for instream flow
management (Anderson et al., 2006; Rosenfeld et al.,
2014; Weber et al., 2014; Hayes et al., 2015).

In this study, our objective was to make the mechanistic
links between stream characteristics and fish bioenergetics
based on empirical species-specific allometric relationships
governing bioenergetics and to draw conclusions about
how fish production and biomass are expected to vary with
respect to stream size [i.e. mean annual discharge (Omap)l,
stream gradient, fish size, prey density, and water tempera-
ture. We built upon the physical habitat model used to
predict longitudinal patterns in habitat quantity and quality
(i.e. WUA) for rainbow trout (Laliberte et al., 2014) by
incorporating the foraging energetics model framework as
developed by Kelly et al. (2005). We hypothesized that
combining physical and bioenergetic models would provide
a more nuanced depiction of the habitat selection and
production of drift-feeding trout across heterogeneous
stream environments. Based on the longitudinal patterns of
WUA modelled by Laliberte et al. (2014), we predicted that

J. J. LALIBERTE ET AL.

the production potential (i.e. NREI) of rainbow trout would
increase with increasing stream size (e.g. with increasing
stream order) and would be greater in low-gradient stream
reaches than in high-gradient stream reaches, as more rapid
downstream increases in water velocity at higher gradients
would generate less optimal foraging habitat.

MATERIALS AND METHODS
Three-dimensional stream template

To set up the hydraulic model framework, we used the
idealized two-dimensional (2D) hydrodynamic models from
Laliberte ez al. (2014) for streams of varying size (i.e. along
a river continuum) with high contrasting and low gradients
(Table I) based on the hydraulic geometry parameter values
from Jowett (1998) and Leopold and Maddock (1953).
These were virtual, idealized streams modelled with cha-
racteristics based on empirical hydrodynamic parameters
and were not based on actual surveyed reaches. The
StreamTubes modelling program uses river hydraulic
information to determine invertebrate drift transport and to
predict foraging energetic of drift-feeding salmonids (Kelly
et al., 2005). The program converts a 2D hydraulic model
into a cross-sectional bundle of hydraulic cells, wherein
each cell conveys an equal proportion of the river’s total
flow. These cells are aligned in a longitudinal array of tubes
(i.e. streamtubes) such that, within the modelled reach, the
area of each tube can vary with longitudinal position as
the 2D distribution of flow rates changes downstream.
Calibrated River2D hydraulic models (Steffler and Blackburn,
2002) from Laliberte et al. (2014) were used as inputs to the
StreamTubes modelling program (Kelly et al., 2005) to
provide the foraging energetics model with the appropriately
formatted hydraulic data for stream reaches. The
StreamTubes program allowed modelling of vertical and
lateral invertebrate drift dispersal (advection/diffusion)

Table I. Hydraulic geometries, bed slopes, and numbers of streamtube divisions for different stream sizes in high-gradient and low-gradient

stream reaches

High-gradient stream reaches

Low-gradient stream reaches

Stream characteristics H1 H2 H3 H4 H5 L1 L2 L3 L4 L5
Omap (M*s™) 1.0 25 10.0 25.0 50.0 1.0 2.5 10.0 25.0 50.0

w (m) 7.800 12.333 24.666 39.000 55.154 9.230 14.594 29.188 46.150 65.266
d (m) 0.370 0.465 0.658 0.827 0.984 0.260 0.375 0.653 0.942 1.243
v(ms™h 0.360 0.453 0.640 0.805 0.957 0.420 0.460 0.529 0.579 0.621
Slope 0.0090 0.0063 0.0037 0.0026 0.0020 0.0090 0.0042 0.0013 0.0006 0.0004
Cross-sectional divisions, wherein each division defines a cell with equivalent flow in the StreamTubes model (Kelly et al., 2005)
Lateral 10 10 20 40 40 10 10 20 40 40
Vertical 1 3 4 5 5 5 5 5 5 5

The physical stream dimensions of channel width (w), depth (d), and mean velocity (v) are all at mean annual discharge (Omap)-

Copyright © 2016 John Wiley & Sons, Ltd.
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across the stream channel. As each streamtube represents a
zone of equal discharge, they can vary dramatically in size,
depending on the local hydraulic properties of the stream
being modelled.

We sampled 2D cross sections of our modelled reach
every 0.5m (longitudinally) to depict a pseudo-three-
dimensional (3D) stream reach. The 0.5m longitudinal
spacing was deemed fine enough to ensure a high degree
of spatial resolution within reaches and large enough for
all fish size classes to fit lengthwise into a given cell. To
maintain sufficient lateral spatial resolution, it was necessary
to increase the number of lateral streamtubes with increasing
stream size (Omap, Table I). We specified enough vertical
streamtubes to reflect the vertical velocity profiles present
in streams in nature. We initially set the number of vertical
streamtubes to five, and then adjusted the number of vertical
divisions, when necessary, so that overlapping streamtubes
(an unforeseen problem in the software) would not occur
(Table I). In the high-gradient cases, the number of vertical
streamtubes increased from one in the smallest reach to five
for stream sizes exceeding 10m>s~'. All stream reaches
with low gradient were able to accommodate five vertical
streamtubes.

Invertebrate drift transport model development

The parameters required to model invertebrate drift are taxa-
specific size of drifting invertebrates, dry weight, initial drift
density, settling rate, entry rate, and time spent near the bed
following a near bed release. We modelled Ephemeroptera
larvae with a total length of 6 mm and a dry weight of
0.00115g, based on the gill raker spacing and gape size
(i.e. the edible size range) for Atlantic salmon (Sa/mo salar)
between 75 and 500 mm FL (Wankowski, 1979; Hayes
et al., 2000; Hughes et al., 2003) and the length—weight
relationship from Smock (1980). Parameter values for
Ephemeroptera were used primarily because they represent
intermediate values compared with other taxa investigated
by Smock (1980). Initial drift concentrations for each model
run were assumed to be constant for all cells in the first
(upstream) cross section. We simulated a range of initial
drift concentrations (0.2, 0.4, and 0.8 m’3) based on mean
equilibrium values from Hayes ef al. (2007), and we held
these drift concentration values constant at the top of each
modelled reach. Settling rate (SR) was set to 0.004ms ™"
based on an estimate for a 7.5mm Ephemeropteran
Deliatidium sp. (Hayes et al., 2007). The entry rate parame-
ter specifies the rate at which invertebrates enter the water
column from the benthos for the bottommost streamtube
cells in the modelled reach. Given a lack of empirical data
on entry rate (Elliott, 1971; Ciborowski, 1983; Hayes et al.,
2007), we approximated entry rate using the following equi-
librium relationship: drift concentration =entry rate/settling

Copyright © 2016 John Wiley & Sons, Ltd.

rate. Hence, entry rates corresponding to our range of initial
drift concentrations were calculated as 0.0008, 0.0016, and
0.0032m?s~!. We set the time near bed parameter to 5s
based on estimates for Baetis and Ephemerella larvae
(Elliott, 1973 2002).

Foraging energetics model

An estimate of NREI was based on the model developed by
Kelly et al. (2005), which assimilates outputs from the 3D
stream template model (i.e. StreamTubes) and the drift trans-
port model with information on fish size for each life history
stage (YOY, juveniles, and adults), water temperature,
height of the focal point above bed, and probability of prey
detection. Fork lengths were set to 0.075, 0.25, and 0.5 m for
YOY, juvenile, and adult rainbow trout respectively, which
correspond to weights of 8.42, 212.07, and 1359.06 g based
on length—weight regression parameter values from previous
work on the Bow River, Alberta (RL&L Environmental
Services Ltd, 2001). We chose temperatures (8, 12, 16,
and 20 °C) that cover a suitable range of potential growing
season temperatures. We chose a constant height of the focal
point above the bed of 0.1 m as per Hayes et al. (2007), and
we set the probability of prey detection to 0.55 as per Kelly
et al. (2005) and Hayes et al. (2007).

To produce biologically meaningful reach-scale metrics
of fish habitat quality based on NREI, we took the sum of
positive NREI values across cells, thus representing the total
productive potential (Js~'), for each stream reach. We
standardized this value per 100 m of stream to give a longi-
tudinal production potential in NREI 100 m ™", which is use-
ful for understanding how total production potential (the
product of habitat area and quality) changes along a drai-
nage network. We also estimated the areal production (per
wetted area) of the reach in NREI m~2, which controls for
longitudinal changes in channel width that affect total
available habitat area (i.e. habitat quantity), such that areal
production accurately represents habitat quality.

RESULTS
Within-reach patterns of drift density and productivity

Drift concentrations were always highest in streamtubes
adjacent to the streambed and declined towards the water
surface. The lowest observed drift concentrations occurred
in streamtubes near the water surface and, most noticeably,
in those streamtubes at the water’s edge (Figure 1A). The
vertical gradient in drift density was sharpest at the stream
margins and most gradual at the stream centre or thalweg.
The range of vertical variation was greatest in the larger
model reaches. This was partly explained by the greater
number of vertical streamtubes in large versus small stream

River Res. Applic. 32: 2045-2055 (2016)
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A)

B)

Figure 1. (A) Plan view of the spatial variation in net rate of energetic intake (NREI) (J s 1) for adult rainbow trout in stream H3
(Omap=2.5 m’ sfl) with initial drift concentrations of 0.4 m > and a stream temperature of 12 °C. (B) Cross-sectional view showing vertical
and lateral streamtube divisions and the location of the highest NREI within the reach (black starburst)

when gradient was high, but this pattern was also observed In the smallest stream reaches, the NREI was found to be
in low-gradient streams where the number of vertical greatest near the centre of the channel and would decline
streamtube divisions did not vary with stream size. laterally. This was found to be the case in the smallest
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Figure 2. Downstream patterns of longitudinal production potential (NREL, J 100m™"'s™") estimated for YOY rainbow trout in high- (a—c)
and low-gradient (d—f) streams. Initial drift concentrations were 0.2 (a, d), 0.4 (b, e), and 0.8 m > (c, f). Note that we did analyse the effects
of temperature on these relationships for YOY trout, but the lines for different water temperatures are superimposed in this figure
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streams for YOY, juvenile, and adult rainbow trout. As
stream size increased, the NREI peaked in longitudinal
habitat corridors on either side of the stream centre and
extending the length of each reach. For example, the best
foraging location for an adult rainbow trout in stream H3
(Omap=2.5m>s™"; initial drift density=0.4 no. m—>; 12°C)
is located adjacent to the stream centre near the stream bottom
(Figure 1B).

Longitudinal patterns of productivity

The NREI was positive (i.e. there was some potential for
production) in most scenarios except those with adult trout,
low drift density (0.2 items per m®), and high temperatures
(16°C or higher). Longitudinal production potential
increased with drift density and decreased at high tempera-
tures (Figures 2—4), although the effects of temperature were
very small in YOY trout (i.e. lines overlap in Figure 2).
Whereas we predicted that the production potential of
rainbow trout would increase with stream size, we found
that in high-gradient streams, longitudinal production poten-
tial for YOY and juvenile trout plateaued or decreased

2049

slightly beyond a Opap of 25m®s™!, regardless of tempe-

rature or drift density (Figures 2 and 3). For adult trout in
high-gradient streams, the Oumap that resulted in maximum
longitudinal production potential (i.e. the optimal stream
size for longitudinal production potential) depended on drift
density and temperature, where warmer temperatures and
lower drift concentrations gave lower optimal stream sizes
(Figure 4). In low-gradient streams, higher Opap (€.g. in
larger streams or higher-order streams) was always asso-
ciated with higher longitudinal production potential, except
for the simulations with adult trout, low drift concentrations,
and high temperatures (Figure 4d).

Areal production potential was always highest when
Owmap Was 2.5m’s™" and declined with increasing Opap
(Figure 5-7). Areal production potential increased with
higher drift density and decreased with higher temperature
(Figures 5-7), although the effects of temperature were
again very small for YOY trout (Figure 5). Consistent with
our prediction that the production potential of rainbow trout
would be greater in low-gradient streams than in high-
gradient streams, longitudinal (but not areal) production
potential reached higher values in low-gradient streams than
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Figure 3. Downstream patterns of longitudinal production potential (J 100 m
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~!'s7" estimated for adult rainbow trout. Layout and details as in

Figure 3. Note different vertical scale in the top two panels

in high-gradient streams (Figures 2—7). These contrasting
trends between longitudinal and area-based measures of
NREI occur because low-gradient streams are wider, and
consequently, have proportionally less area with high NREL
Hence, high longitudinal measures of productivity in low-
gradient streams compared with high-gradient streams are
the result of increased stream area rather than higher mean
productivity on a per-area basis.

DISCUSSION

We predicted that the NREI of drift-feeding trout would
increase with increasing stream size and would be greater
in low-gradient stream reaches than in high-gradient stream
reaches. We found that similar to the pattern observed for
WUA (Laliberte et al., 2014), and consistent with our
prediction, longitudinal production potential (i.e. NREI per
100 m of stream) increased with increasing stream size for
low-gradient streams. This was not the case, however, for
high-gradient streams, where longitudinal production poten-
tial plateaued or declined beyond middle or low stream size
(Omap=2.5 to 25m’s™"). In contrast, areal production

Copyright © 2016 John Wiley & Sons, Ltd.

potential (NREI per m? of wetted stream bed) reached a

maximum at low stream size (Oyap=2.5 m>s™") in both
high- and low-gradient streams, indicating that increasing
available habitat rather than increasing habitat quality drove
downstream increases in longitudinal production potential.
Overall, we have demonstrated that combining bioenergetic
models with physical models of fish habitat provides a more
nuanced, and likely more accurate, prediction of the
variability in fish production across variable stream reaches
than can be derived from physical or bioenergetic models on
their own.

A key assumption of our model was that the capture
efficiency of fish for invertebrate prey was fixed at 55%
(Kelly et al., 2005; Hayes et al., 2007). However, it has been
shown that capture efficiency is sensitive to fish and prey
size, water velocity, depth, and distance of prey from the
focal point of the fish (Hill and Grossman, 1993; Rosenfeld
and Taylor, 2009; Rosenfeld et al., 2014), and most drift-
foraging bioenergetic models now incorporate a more
dynamic capture success function that accounts for these
covariates (Railsback et al., 2009; Rosenfeld et al., 2014).
A more recent version of the Kelly ef al. (2005) model is
under development that includes a variable capture success
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2

s~ 1) estimated for YOY rainbow trout in high- (a—c) and low-gradient

(d—f) streams. Initial model drift concentrations were 0.2 (a, d), 0.4 (b, e), and 0.8 m> (c, f). Note that we did analyse the effects of tempe-
rature on these relationships for YOY trout, but the lines for different water temperatures are superimposed in this figure

function (Hayes et al., 2015), although this was not avai-
lable during our simulations. However, the overall longitu-
dinal trends that we observe are likely robust to the
assumption of constant capture success, even though capture
success is sensitive to water velocity (Grossman et al.,
2002), because water velocity was lowest at upstream sites
and increases longitudinally downstream in our model.
Including a variable capture success function would reduce
relative NREI at downstream sites, further strengthening
the downstream declines in production potential observed
in our simulations.

To better isolate the role of longitudinal changes in velo-
city and depth on productive capacity, we assumed that
initial input drift concentrations and temperatures were
similar at all sites. Although patterns of invertebrate drift
were not the primary focus of this study, the resulting spatial
patterns were nonetheless informative. Because of the idea-
lized spatial patterns in the model stream reaches and the
constant initial drift concentrations throughout the input

Copyright © 2016 John Wiley & Sons, Ltd.

cross section, we expected that a quasi-equilibrium in longi-
tudinal invertebrate drift concentrations might emerge. It
was encouraging that longitudinal patterns in drift concen-
trations appeared to approach an equilibrium. The observa-
tion that drifting invertebrates were less concentrated near
the stream margins and more concentrated at the stream
bottom was expected, given the way that entry, settling,
and dispersion were modelled in Kelly et al. (2005), and is
partly consistent with more recent predictions (Anderson
et al., 2013). It could also be reasonably predicted that
terrestrial prey inputs would elevate drift concentration at
the water surface (Leung et al., 2008), but terrestrial drift
generation is not included in the model.

Sensitivity of our predictions to drift concentration
indicates that longitudinal changes in productive capacity
will depend greatly on actual spatial patterns in drift concen-
tration (which is dependent on benthic biomass and produc-
tion) along the river continuum, which are currently unclear
(Rosenfeld et al., 2014; Naman et al., 2016). Increasing
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water depth (relative to bed area) may effectively dilute drift
concentration (Hayes et al., 2007; Hayes et al., 2015),
reducing prey availability to fish; however, increasing
downstream turbulence and velocity that reduces settling
rates and increases time in suspension may tend to elevate
downstream drift concentrations. More than anything, our
modelling highlights the importance of better understanding
how the prey base of drift-feeding fishes varies along
environmental gradients (Piccolo et al., 2014; Rosenfeld
et al., 2014).

Under certain model conditions, production potential
maxima at intermediate stream sizes were observed for
YOY, juveniles, and adult trout. This suggests that trout
production attains a maximum at intermediate stream sizes.
In the low-gradient system, however, production potential
attained a maximum at only intermediate stream sizes for
adult rainbow trout under specific conditions, whereas
longitudinal production potential (but not areal production)
increased continuously with stream size for YOY and juve-
nile rainbow trout. It is likely that the limited range of the

Copyright © 2016 John Wiley & Sons, Ltd.

stream sizes in our modelling may be insufficient to detect
the hypothesized maxima in low-gradient systems (i.e. the
maximum is achieved at larger stream sizes), and that longi-
tudinal production potential for YOY and juvenile trout did
not increase to a maximum in the low-gradient system be-
cause velocity fields experienced by trout were not high
enough to limit their capture of prey relative to their bioen-
ergetics needs.

Increases in temperature consistently produced declines
in longitudinal production potential, rendering many stream
reaches unusable for adult rainbow trout as a result of nega-
tive NREI, especially for low initial drift concentrations.
Growth and survival of adult rainbow trout in such cases
may be especially sensitive to changes in food availability.
During periods of low food availability or increased compe-
tition for limited food resources, fish may decide to migrate
to another foraging location either inside or outside the
stream reach or wait for prey densities to increase or switch
feeding modes in an effort to maintain growth rates and
satisfy their metabolic demands (Hayes et al, 2007).
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Sufficiently large trout may also switch from drift to benthic
feeding (Harvey and Railsback, 2014) or from insectivory to
piscivory because fish are a more energy-rich prey than
invertebrates. We did not include these behavioural effects
in our predictions of fish production potential. Hence, we
expect that our predictions are conservative with regard to
instream flow needs (a.k.a. environmental flow needs),
given that these behavioural modifications should buffer
adult fish against temporary periods of negative NREI. Also,
it is plausible that younger trout modelled were not exposed
to sufficiently low drift concentrations to produce the
decline in production potential predicted for adult trout,
although this is difficult to assess in the absence of reliable
information on drift concentrations.

Our study represents a novel approach for predicting
longitudinal trends in fish production potential based on
bioenergetic principles and physical habitat modelling.
Although the model provides a snapshot of habitat quality
in contrasting reaches rather than integrating the long-term
projected effects of habitat on population trajectories (as
with individual-based population models; e.g. Harvey and

Copyright © 2016 John Wiley & Sons, Ltd.
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) estimated for adult rainbow trout. Layout and details as in Figure 6

Railsback, 2009; Ayllén et al., 2016), it provides a relatively
effective framework for evaluating anticipated longitudinal
contrasts in habitat quality among sites. Previously, physical
habitat models have shown that WUA increases with stream
size in high- and low-gradient streams when variation in
hydraulics across the channel is included in the model
(Laliberte et al., 2014), but that WUA declines with stream
size in simplified physical habitat models that assume modal
transect velocities (Rosenfeld et al., 2007). Our approach
was to build upon a physical habitat model (i.e. an idealized
stream model) that was based on realistic, empirically based
assumptions regarding stream hydraulics (Laliberte et al.,
2014) and to incorporate models of invertebrate drift trans-
port and fish bioenergetics. We contend that the longitudinal
patterns in fish production potential that we observed in the
present study, with longitudinal patterns depending on
gradient and fish life stage, represent an improvement in
the realism of the predicted effects of variation in flow on
drift-feeding trout. There are some clear advantages going
forward with a fish habitat quality modelling framework that
includes mechanistic models of foraging energetics to

River Res. Applic. 32: 2045-2055 (2016)
DOI: 10.1002/rra



2054 J.J. LALIBERTE ET AL.

address how alterations to flow regimes and other factors
may impact populations of drift-feeding fish. The models
presented here have a much stronger mechanistic basis for
predicting habitat quality and potential growth rates of fish
than their physical habitat based predecessors (Piccolo
et al., 2014; Rosenfeld et al., 2014). Critics of physical
habitat models have consistently described the need for fish
habitat models to be more mechanistic or include more
biological realism. Importantly, the bioenergetic models
indicate that stream temperature and prey availability can
impact the longitudinal habitat allometry expected within a
stream system, highlighting the need for better empirical
data on how prey abundance changes with stream size. In
particular, adult trout are expected to be affected most
strongly by high temperatures and low drift concentrations.
The next logical step in the development of bioenergetically
based habitat quality models is to evaluate their predictions
against observed habitat use and growth rates of drift-
feeding fish in natural systems (e.g. Rosenfeld et al., 2014;
Weber et al., 2014; Hayes ef al., 2015).
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Abstract—Catch and release regulations designed to protect fisheries may fail to halt
population declines, particularly in situations where fishing effort is high and when multiple
stressors threaten a population. We demonstrate this claim using Alberta’s Bow River, which
supports a high-effort Rainbow Trout Oncorhynchus mykiss fishery where anglers voluntarily
release rates > 99% of their catch. We examined the population trend of adult trout, which were
tagged and recaptured using electrofishing surveys conducted intermittently during 2003-2013.
We used multi-session capture-recapture models to obtain abundance estimates for trout, and
regressed trend during two periods to account for variation in sampling locations. General
patterns from all models indicated the population declined throughout the study. Potential
stressors to this system that may have contributed to the decline include Whirling Disease
Myxobolus cerebralis, which was detected for the first time in 2016, notable floods, and release
mortality. Because disease and floods are largely uncontrollable from a management
perspective, our findings suggest that stringent tactics such as angler effort restrictions may be

necessary to maintain similar fisheries.
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Introduction

Recreational fisheries can decline and collapse when exploitation rate is high relative to
the productivity of the targeted population (Post et al. 2002; Sullivan 2003; Johnston et al. 2007),
when environmental conditions are unfavorable (Beamish et al. 1999), or when multiple stressors
surpass the compensatory abilities of a given fish population (Hansen et al. 2015). However,
declines documented as reductions in catch or abundance are generally multi-faceted and subject
to much debate (Hilborn and Walters 1992). Failure to achieve scientific consensus on the
cause(s) of a decline stems from the fact that data collected by management agencies are
observational in nature (Hilborn 2016), extracted from ecosystems with complex dynamics
(Sugihara et al. 2012; Glaser et al. 2014), and often lack the experimental manipulations,
controls, and replication necessary for causal inference (Jones and Hansen 2014). Consequently,
disentangling key factors responsible for a decline, such as the effects of fishing vs. abiotic or

environmental stressors, is often difficult (Walters 1986).

Several policy options are available to managers seeking to offset the effects of fishing-
related mortality in inland recreational fisheries. Traditionally, fishing mortality has been
managed using passive regulations such as bag or length limits (Lester et al. 2003), seasonal or
area closures (Welcomme 2008), and gear restrictions (Rahel 2016). Such regulations attempt to
manipulate the catchability portion of fishing mortality without directly limiting fishing effort,
and thus the ability of passive regulations to offset issues related to high angling effort remains
tenuous (Cox et al. 2003; Pereira and Hansen 2003). For example, minimum length limits may
fail to prevent recruitment overfishing when angler effort is unresponsive to declines in fishery
quality (Allen et al. 2013). Similarly, catch and release regulations may fail to achieve

management objectives or maintain fish populations in situations where effort is high or when
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release mortality is present (Post et al. 2003). Despite the potential for problems in high-effort
situations, catch and release regulations are generally the most stringent regulations enacted by

inland recreational fisheries managers in North America (Hubert and Quist 2010).

Anthropogenic stressors such as fishing-related mortality reduce a population’s ability to
offset stochastic natural disturbances or disease outbreaks (Holling 1973). For example, severe
floods may reduce fish density through direct mortality or downstream displacement (Warren et
al. 2009). Pathogens may also alter population dynamics through reductions in growth (Johnson
et al. 2004) or competitive ability (Godwin et al. 2015), changes in behavior (Barber et al. 2000),
or through direct mortality events (Hatai and Hoshiai 1992). For instance, viral hemorrhagic
septicemia virus resulted in mass mortality events in Freshwater Drum Aplodinotus grunniens
(Lumsden et al. 2007) and Muskellunge Esox masquinongy (Elsayed et al. 2006) within the
Laurentian Great Lakes. The importance of pathogen-induced mortality was also illustrated
throughout the intermountain-west region of the United States, where Whirling Disease
Myxobolus cerebralis reduced salmonid abundance by up to 90% in some watersheds (Nehring
and Walker 1996; Vincent 1996). While stochastic events and disease outbreaks influence fish

population dynamics, biologists have few direct tools for managing stressors such as these.

A central challenge facing recreational fisheries managers is how to mitigate the
combined effects of anthropogenic and stochastic environmental threats, as freshwater systems
appear particularly vulnerable to the effects of multiple stressors (Ormerod et al. 2010).
Unfortunately, traditional fisheries management approaches rarely incorporate the effects of
multiple, potentially changing stressors on population sustainability (Lynch et al. 2016; Paukert
et al. 2016). Thus, approaches that explicitly recognize management tradeoffs among key

stressors may be useful. For example, Carpenter et al. (2017) developed a multi-dimensional
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sustainable Safe Operating Space (i.e., “SOS”) that distinguished among stressors that were
controllable (e.g., harvest) and largely uncontrollable (e.g., environmental change or disease
outbreaks) by fisheries managers. These authors suggested that managers may need to offset the
effects of uncontrollable variables with those they can influence to maintain a quality fishery

within a particular SOS (Carpenter et al. 2017).

The Lower Bow River (LBR) Rainbow Trout Oncorhynchus mykiss fishery highlights the
challenges of managing inland recreational fisheries in the presence of multiple stressors. The
LBR is reputed as a world-class Rainbow Trout fishery (Post et al. 2006; Askey et al. 2007), and
experiences high angling effort in part because of its proximity to a large city (Calgary, Alberta,
1.2 million people; Rhodes 2005; Statistics Canada 2016). Notable floods occurred in 2005 and
2013 (i.e., 1/10 and 1/100-year flood events, respectively; Veiga et al. 2015). Furthermore,
Whirling Disease was detected in the LBR for the first time in 2016, although it is unknown
when the disease arrived (Canadian Food Inspection Agency 2017). Given that the potential for
these threats to impact Rainbow Trout in the LBR appears high, our objectives were to determine
(7) abundance of Rainbow Trout > 250 mm fork length (FL), and (ii) assess trends in abundance
during 2003-2013. Results from this study are then used to demonstrate the potential importance
of effort restrictions as an inland recreational fisheries management tool, particularly when

angling effort is high and the remaining stressors are uncontrollable.

Methods

Study Area—The Bow River originates in the Rocky Mountains of southwestern Alberta,
and is a major tributary of the South Saskatchewan River (Figure 1). Our study occurred in the
Lower Bow River, which designates a 224-km section of the river beginning at the Bearspaw

Dam and flowing eastward through Calgary, Alberta to the Bassano Dam (Figure 1). The LBR
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receives substantial nutrient inputs from wastewater effluent as it flows through Calgary (Sosiak

2002), which increases production of top trophic levels in the system (Askey et al. 2007).

Rainbow Trout were introduced into the LBR by stocking between 1933 and 1947
(Gilmour 1950) and are now naturalized (Rhodes 2005). Rainbow Trout are the most sought-
after species in the LBR fishery, and most fish are caught via fly-fishing during August. This
system supports the highest effort fishery in Alberta (average 161 angler hours/ha; Ripley and
Council 2006), has been functionally catch and release since at least 2006 (e.g., 0.005% of
captured Rainbow Trout were kept by anglers; Ripley and Council 2006), and is worth $24.5

million CAD/year (Crowe-Swords 2016).

Field Sampling—Alberta Environment and Parks biologists conducted seven multi-day
capture-recapture surveys during 2003-2013 to assess trout population trends in the LBR. A
contiguous 4.32 km section of the river was sampled in 2003, 2005, 2007, and 2008 (Figure 1).
During 2011-2013, sampling occurred at four randomly selected 1 km sections (Figure 1). In all
years, fish were sampled using two Smith-Root™ 5.0 or 7.5 Generator Powered Pulsators and
boom electro-fishers on four consecutive days during late August to early September. Boats
fished opposite banks in the downstream direction, and fish were transferred to tubs until the end
of the section was reached. Rainbow Trout > 250 mm FL were tagged behind the dorsal fin
using individually numbered Floy™ anchor tags, and fish were released in the center of the

section they were captured in.

Analysis—Multi-session capture-recapture models were constructed to obtain derived
abundance estimates of Rainbow Trout > 250 mm FL, which were regressed through time to
estimate the population trend during 2003-2008 and 2003-2013. Multi-session capture-recapture

models generalize a simple closed capture-recapture model to multiple sessions or years, and are
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useful for combining data from multiple years into a single analysis (Converse and Royle 2012;
Kéry and Royle 2015). Our models estimated capture probabilities for each day within each year
to account for imperfect detection of fish in our surveys. Data were modeled in an integrated
Bayesian framework. The integrated approach propagated uncertainty through the abundance
analysis and ultimately into estimates of population trend, rather than analyzing the outputs of
models as data (Paul 2012; Maunder and Punt 2013). Additionally, we elected to use the
Bayesian framework because it offered more modeling flexibility and for the accounting of the
full range of uncertainties related to all models and parameter values (Punt and Hilborn 1997).
Standard open population models were not fit because surveys were not conducted in

consecutive years throughout the study.

A statistical approach known as data augmentation was used to simplify Bayesian
abundance estimation. Data augmentation reparameterizes a standard closed capture-recapture
model into an occupancy-style model (Royle 2009; Kéry and Schaub 2011).  This
parameterization removes the abundance parameter N from the model as an estimated parameter,
which is useful because it fixes the dimension of the parameter space, and thus enables the use of
standard approaches such as Markov-Chain Monte Carlo (Royle and Dorazio 2008). Data
augmentation removes N from the model by marginalizing over a Bin(M, y) prior distribution for
N, where M is an arbitrarily large number of unobserved individuals with all-zero capture
histories, and y is an inclusion probability to be estimated from the data (Royle 2009). The
capture histories of individuals observed in the field are then augmented by the capture histories
of the all-zero “potential” individuals, which are said to be present in the population according to
a Bernoulli prior with inclusion probability . This approach implies that the marginal prior for

N is Unif(0, M), and hence that the expectation of N can be recovered as the derived variable M
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through the estimation of y, any relevant capture probabilities, and a Bernoulli latent variable

(Royle et al. 2013).

The single-year data augmentation scheme described above was expanded to a multi-
session framework by introducing a year-specific subscript ¢ to all parameters and values (e.g.,
Y, My, and N;). Abundance in each year N, was assumed to be Poisson distributed with year-

specific mean A;:

This multi-session framework and Poisson assumption formed the basis for three separate
models, as the models could either be used to estimate year-specific abundances (as in Eq. 2
below; model 1), or regress the population trend by fixing the trend on the first year of data (as in
Egs. 3 and 4 below; models 2 and 3, respectively). Two trend models were fit to account for
potential issues with field sampling: model 2 estimated a trend for years when the surveys
occurred in identical locations (i.e., 2003-2008), while model 3 regressed a trend across the

entire study period.
Model 1 was parameterized as a generalized linear model of the form
(2) /1t = eﬁ 0t

where B, are fixed effects that represent independent abundance estimates for each year (i.e.,

2003, 2005, 2007, 2008, 2011, 2012, and 2013; Royle et al. 2013). Model 2 regressed a trend
through abundance estimates during the first four years of data collection (i.e., 2003, 2005, 2007,

and 2008):

3) A, = ebotBult=t)
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170  where 8, was fixed at a single intercept, f; is a coefficient describing the log-linear abundance
171 trend, and t* is a baseline year that centers the trend. Model 3 regressed a trend term through

172 abundance estimates during 2003-2013:

173 4) Ar = eBo + B1(t=t") + Bolength;

174  where B, is a covariate controlling for the total length (km) of the river sampled in each year.
175  Additionally, all models featured constraints between the year-specific inclusion parameters

176  and intercept terms (i.e., By, or fBy), and P, can be fixed as

Ay
(5) Yy = ﬁt

177  so that the intercepts are estimable (Royle et al. 2013; Kéry and Royle 2015).

178 Capture probabilities (p) were modeled using a generalized linear mixed model of the
179  same form for all three models. For each year 7, four occasion-specific capture probabilities j,
180  and i individual random effects (i.e., p; ;) were modeled. Capture probabilities were modeled
181  as additive fixed effects based on the capture occasion (i.e., B ), and the addition of a random

182  logistic-normal term that represented individual heterogeneity in capture probability, «;,:

183 (5) lOgl't(pi'j't) = Bj,t + ai't
184  (6) where a;; ~ Normal(0, o.* yqw; )
185  (7) o; ~ Normal(2.5,1.25)
186  (8) Oraw;, ~ Normal(0,1)
9
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Thus, o; 1s a year-specific random effect on capture probability drawn from an informative prior
distribution. The specific prior values of g, were not of primary interest to this study, but these
priors did alter the variance around the abundance estimates. Data did not contain enough
information to allow use of an uninformative prior for o;, and simpler versions of these models
without individual heterogeneity terms failed to pass goodness-of-fit tests. Consequently, we
were left with the choice to use simpler, but potentially ill-fitting models, or to employ an
informative prior and obtain models that passed goodness-of-fit tests. The latter approach was
chosen as it seemed precautionary to err on the side of incorporating more uncertainty in the
models. Values for the informative priors ensured that capture probabilities did not go to zero
and that N; did not go to infinity, so that the upper limits of the derived density estimates
(abundance/km) corresponded to densities observed in other fluvial wild stock Rainbow Trout

fisheries (Vincent 1996). Lastly, 0,4y, , altered the individual random effects to a non-centered

parameterization, which manipulated the geometry of the posterior and improved numerical

performance (Betancourt and Girolami 2013; Monnahan et al. 2017).
Estimates of abundance N; were derived as
9) Ne=n, + 6,

where n; is the number of individual fish captured in year ¢, and 6, represents the sum of M,

independent Bernoulli trials with trial-specific success probability equal to

Ve[l (1-Dijio)
Y121 j)+(1= Pr)

(10)

Phrased differently, abundance of fish in each year was calculated as the sum of the number of

fish captured in that year and the sum of M; Bernoulli random deviates describing fish that were
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present in that year, but never physically captured. A standardized index of Rainbow Trout
density among years (N_km;) was computed by dividing the estimates of N; by the length (km)

of river sampled in year ¢. Lastly, the percent decline per year for models 2-3 was derived as:
(11) Trend = 100(efr — 1)%

where the Trend term represents the per year percent change in N; during 2003-2008 and 2003-

2013 (denoted as Trend, and Trend,, respectively).

Priors for all additional parameters were set at vague or weakly informative values, and
the sensitivity of the results to a variety of priors was tested during model development. All
predictor variables were centered and standardized prior to analysis (Gelman 2008). For each
model, each year’s observed capture-history data was augmented by M; = 8 000, which implied
N; ~ Unif(0, 8 000) priors, and visual inspection of the results showed this bound was sufficiently
large so as to not influence estimates of abundance or the corresponding derived densities (see
also Royle et al. 2013). Occasion-specific capture probabilities for all models were given flat
logit(B;:) ~ Unifi0, 1) priors. For all three models, intercept terms (By,, Bo) were given normal
priors centered at zero, with a prior standard deviation (sd) of 10 to represent a substantial
amount of ignorance regarding the values of A; on the log scale. The remaining regression
coefficients (f; for models 2 and 3, S, for model 3) were given normal priors centered at zero
with a sd of 1. Priors for these remaining regression coefficients were weakly informative as our
predictor variables were also on the unit scale (Gelman et al. 2015), and while these priors did
not truncate estimates of f; and f, for either model, they did substantially improve the
numerical performance. Final model versions were arrived after fitting several alternative

models that either 1) failed to pass posterior predictive checks, and/or 2) provided identical (or
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nearly identical) posterior distributions for key parameters. This included models that relaxed
the assumption of Poisson-distributed abundances, and models that featured alternative model

forms for capture probabilities.

Bayesian models were implemented using RStan in R (Carpenter et al. 2016; Stan
Development Team 2016; R Development Core Team 2017), and an example of the Stan code
for model 3 is provided as supplementary material. We ran ten chains for each model, discarded
the first 5 000 draws as burn-in, and retained the next 5 000 draws with a thinning rate of 1 to
summarize posterior distributions. Starting values were jittered for each model, and chains were
started at different random number seeds. Additionally, chains were inspected visually, Gelman-
Rubin statistics (R) were used to test for convergence to a stable distribution among chains, and
tree-depth plots were explored to evaluate step-size and performance of the no-U-turn sampler
using ShinyStan (Gelman et al. 2014; Gabry 2015). Model fit was evaluated using posterior
predictive p-values (Kéry and Royle 2015), the development of which is described in Appendix

1.

Results

Results from all three models suggest that the abundance of Rainbow Trout > 250 mm FL
declined during 2003-2013. Model 1 showed that while year-specific estimates of abundance
(i.e., N;) and derived values of density (i.e., N_km;) were highly variable, both declined during
2003-2008 and 2003-2013 (Appendix Table 2.1 and Figure 2, respectively). Density values from
the independent intercepts model declined more sharply during 2011-2013 than during 2003-
2008 (Figure 3). The highest derived values for Rainbow Trout density occurred in 2003
(median = 414 fish*km™; 95% Credible Interval (CRI): 290-713), while the lowest density
estimates occurred in 2013 (median = 72 fish*km™; CRI: 57-111; Figure 2). Trendg was highly
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variable, but 88% of the posterior mass for this derived variable was < 0 (median = -5.5% per
year; CRI: -14.2% to 4.3%; upper panel Figure 4). Values of Trend; (2003-2013) were less
variable than Trend, (2003-2008), but featured a similar median estimate for the percent change
per year, and 99% of the posterior mass was < 0 (median = -6.6% per year; CRI: -10.5% to -

2.6%; lower panel Figure 3).

Posterior predictive checks indicated that no major deviations from the modeling
assumptions existed for all models (i.e., posterior predictive p-values 0.18-0.33; Figure 4), and R
statistics suggested convergence to a stable distribution among chains for all parameters in each
model (i.e., all R = 1; Appendix Tables 2.1-2.3). Estimates of year- and occasion-specific
capture probabilities were low for all three models (i.e., B, typically < 0.10; Appendix Tables
2.1-2.3). Additionally, values of Y, ranged from 0.03 to 0.39 for all models, which indicated
that the abundance estimates were not constrained by our choices for the year-specific data

augmentation variables M; (Converse and Royle 2014; Appendix 2.1-2.3).

Discussion

Despite uncertainty in both abundance and trend estimates, these results indicate that
Rainbow Trout in the LBR likely declined during both assessment periods. The median
posterior estimates for a 10-year standardized population trend were -43.0% using Trend
estimated from the 2003-2008 data, and -50.0% using Trend,; estimated from the 2003-2013
data. Since the size criteria for tagged fish (= 250 mm FL) corresponds approximately to the
sizes of mature Rainbow Trout (Rhodes 2005), the estimated decline likely represents a large
reduction in the number of mature individuals in this population. The Committee on the Status
of Endangered Wildlife in Canada (COSEWIC) guidelines state that “in cases where the declines

or its causes are unknown” a decline in the number of mature individuals > 30% or > 50% over a
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period of ten years would qualify a population as “threatened” or “endangered,” respectively
(COSEWIC 2018). Rainbow Trout in the LBR are naturalized, and hence do not qualify for
listing as per COSEWIC guidelines; nonetheless, these criteria demonstrate the significance of

the magnitude of the decline documented here.

The pattern of decline in adult abundance in the LBR appears similar to declines in other
high-profile Rainbow Trout fisheries caused by Whirling Disease (Nehring and Walker 1996;
Vincent 1996). Whirling disease was first detected in Alberta in 2016 from the Bow River
(Canadian Food Inspection Agency 2017). Although timing of its first occurrence in the
province is unknown, extensive testing for Myxobolus cerbralis (i.e., the causative agent of the
disease) from 1997 to 2001 was negative in the province (unpublished data, Fish and Wildlife
Policy, Alberta Environment and Parks, Edmonton, Alberta). Whirling disease was detected in
Canada for the first time in August 2016, and subsequent monitoring detected the parasite
throughout the Bow River watershed in February 2017 (Canadian Food Inspection Agency
2017). Therefore, the best available evidence suggested that Whirling Disease arrived in the
LBR sometime during 2002-2016. Young-of-year and juvenile Rainbow Trout are particularly
susceptible to Whirling Disease, which can consequently cause recruitment failures (Markiw
1992; Walker and Nehring 1995; Vincent 1996). However, the impact of Whirling Disease on
wild Rainbow Trout populations is highly variable (Bartholomew and Reno 2002). Management
response to Whirling Disease has also varied, but has included actions such as stopping or
limiting stocking of infected fish into natural waters, emergency bag limit reductions for
recreational anglers, and educational campaigns for the public (Modin 1998; Nickum 1999;

Nehring 2006).
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Floods in 2005 and 2013 represent another potential contributing factor to the LBR
decline. Although both floods caused extensive damage, peak flows in the LBR during the 2013
flood were more than two times those observed during the 2005 flood (Veiga et al. 2014). These
flows in 2013 substantially restructured fish habitat throughout the LBR (City of Calgary 2018).
Previous studies that have assessed the impact of severe flood events on trout abundances have
found responses ranging from dramatic decreases in trout density (Jowett and Richardson 1989;
Kitanishi and Yamamoto 2015) to no change between pre- and post-flood measurement periods
(George et al. 2015). High flow events leading to food supply limitations and subsequent
population collapse were responsible for boom-and-bust population cycles in a tailwater
Rainbow Trout fishery below the Glen Canyon Dam in Arizona (Korman et al. 2017). However,
this mechanism seems unlikely in the LBR as substantial wastewater inputs have increased
biological productivity (Sosiak 2002; Askey et al. 2007), and these inputs have remained
relatively constant throughout the study period (see Taube et al. 2016). Intriguingly, abundance
declined in both 2005 and 2013 according to post-flood surveys (Figure 3), perhaps because
adult fish were displaced downstream. However, the mechanism of downstream displacement
was unlikely to have been responsible for the entire decline observed, since declines also

occurred in non-flood years.

High angling effort on the LBR may also have contributed to the observed decline via
post-release mortality. For example, catch-and-release regulations appeared to alter the size
distribution of a wild Rainbow Trout fishery relative to a closed-to-fishing section in the South
Platte River, Colorado, suggesting that catch and release mortality can structure wild trout
populations (Anderson and Nehring 1984). The extent to which Rainbow Trout catch-and-

release mortality occurs has been linked to water temperature in the Gallatin and Smith Rivers in
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Montana. Fish captured on days when daily maximum water temperatures were > 20°C suffered
mean mortality rates from 8% to 9%, although mortality was 0% when daily maximum water
temperature was < 20°C (Boyd et al. 2010). Maximum water temperatures in the LBR
occasionally surpassed 20°C during 2003-2013 in July and August. At present, no estimates of
catch-and-release mortality exist in the LBR during the high effort summer fly-fishery. Meta-
analysis by Bartholomew and Bohnsack (2005) showed that catch and release mortality of
Rainbow Trout ranged from 3-9% when fish were captured once via fly-fishing at water
temperatures similar to those observed in the LBR during July-September (i.e., 10-22°C; Horak
and Klein 1967; Dotson 1982; Schisler and Bergersen 1996). The best available creel survey on
the LBR estimated that 49 700 Rainbow Trout were captured and released by anglers during
July-September 2006 in a 50-km section of the LBR (Council and Ripley 2006), and our highest
estimate of abundance in this section of the river is 20 700 catchable-size trout (Figure 3; 414
fish/km x 50 km). While crude, this does correspond to anecdotal information contributed by
anglers that suggested individual fish are captured multiple times throughout the fishing season.
Given these numbers, the exploitation rate for this fishery was potentially 0.07-0.22 for the
summer fishery in 2006 (calculated as dead fish / abundance; Ricker 1975). These values may
be high, as they could result in a constant harvest policy that does not scale with decreases in
population size (see also Roughgarden and Smith 1996). Importantly, this approximation
ignores the potential for sub-lethal effects, such as interactions between the number of times a
fish is captured and released and mortality rate (Bartholomew and Bohnsack 2005; Pope et al.
2007), and increased susceptibility to disease (Pickering and Pottinger 1989). Thus, it is both
prudent and precautionary to suggest that catch-and-release mortality may represent an important

stressor in this system.

16

https://mc06.manuscriptcentral.com/cjfas-pubs

Page 16 of 44



Page 17 of 44

341
342
343
344
345
346
347
348
349
350
351
352
353
354
355
356
357
358
359
360
361
362

363

Canadian Journal of Fisheries and Aquatic Sciences

A number of potential concerns exist regarding these data and associated analyses, but we
suggest that the trend documented was unlikely to be caused by these issues. For instance, a key
study limitation was that no block nets were used during data collection, which was precluded by
the large size of the LBR. Consequently, the estimated population sizes may be biased as these
were generated using closed population models. Furthermore, the direction and magnitude of this
bias depends on the behavior of animals along the periphery of the study area (Van Katwyk
2014). However, it is unclear how changes in fish behavior along the periphery of these
relatively large study sites could result in the consistent population decline observed across the
entire study period. Similarly, the decision to use a multi-session modeling framework ignored
the possibility that an individual fish occurred in more than one year (Royle et al. 2013), and we
acknowledge that these models feature less ecological resolution than the outputs that would be
generated via open population capture-recapture models (see Korman et al. 2017). The approach
used here, however, was warranted because Rainbow Trout are short lived (i.e., maximum age of
7 years; Rhodes 2005) and have high instantaneous total mortality (van Poorten and Post 2005),
which indicated that there was likely high population turnover among years. Additionally, these
data did not support the use of an open population model as only nine total recaptures occurred
across years. Similarly, no estimates of instantaneous tag loss exist, even though it may have
been important (McFarlane et al. 1990; Walsh and Winkelman 2004; Vandergoot et al. 2012).
However, tagging crews used the same protocols throughout the study period, and hence
differences in instantaneous tag loss among years are unlikely to explain the consistent decline
observed. While we acknowledge some weaknesses in the available data, it is unlikely that there
was a consistent resultant “year” effect (i.e., consistent changes in animal behavior along the

periphery of our study area or with tag loss differences among years).
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The issues facing the LBR fishery and documented here are germane to many inland
recreational fisheries, which are typified by poor or infrequent surveillance-style monitoring
(Lester et al. 2003; Nate et al. 2003). For example, fundamental data limitations precluded the
ability to determine the cause(s) of the estimated decline, despite compelling evidence that a
decline occurred. A paucity of reliable age and length data, along with inconsistent mark-
recapture surveys led to an inability to attribute the trend observed to reductions in juvenile or
adult survival, and hence to causal variables acting specifically on these life stages. Although
additional information can reduce the number of alternative explanations for a decline (see
Venturelli et al. 2014), calls to collect more data often fail to recognize key funding and
personnel constraints limiting biologists (Canessa et al. 2015). Approaches that explicitly
account for the marginal costs of data collection pursuant to management objectives and
constraints could provide a strategic framework for triaging monitoring resources (e.g., value of
information analysis; Hansen and Jones 2008). Similarly, targeted monitoring that views data
collection as a component of a broader structured decision-making process, rather than as a lone
activity, would maximize the utility of the data for distinguishing among competing hypotheses,
and help guide management actions in the face of uncertainty (Nichols and Williams 2006).
Thus, improving the scientific defensibility of inland fisheries management via strategic
monitoring and experimental management is necessary (McAllister and Peterman 1992; Post

2013; Hansen et al. 2015).

The LBR fishery demonstrates the complexities of maintaining inland recreational
fisheries in the presence of multiple stressors. A key take-away from this study was that a
combination of these stressors may have pushed Rainbow Trout in the LBR on an unsustainable

trajectory during 2003-2013. We identified the most plausible causes of the Rainbow Trout
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decline, and suggest these probably acted in concert to affect the patterns observed, similar to
sustainability issues caused by multiple stressors in other inland recreational fisheries (Hansen et
al. 2015). We note that the threats facing this fishery include stressors that are both within and
beyond the control of local managers, which is similar to the safe operating space (SOS) concept
forwarded by Carpenter et al. (2017). Specifically, Whirling Disease and large flood events are
uncontrollable from a management standpoint, with high fishing effort remaining as the lone
stressor that managers can address. For instance, managers can attempt to reduce catch and
release mortality through indirect means such as gear restrictions or warm-weather closures
(Cooke and Schramm 2007; Boyd et al. 2010), and indeed, the latter have occurred in the LBR in
recent years when average water temperatures exceeded 20°C (i.e., full river closures or
voluntary restrictions were instituted in 2015 and 2017, respectively). Similarly, programs
seeking to educate anglers on proper catch and release techniques may be helpful (Adams 2017).
However, we suggest these may be patchwork solutions to managing release mortality, given
that the LBR is a popular open-access fishery that flows through a densely populated urban

center.

Our findings suggest effort restrictions may represent an important management strategy
for inland recreational fisheries that are pushed to undesirable states, or fisheries that are in high
effort situations in general. Unfortunately, active management policies that seek to reduce
fishing effort are generally unpopular with anglers (Schueller et al. 2012), and hence have rarely
been implemented in inland recreational fisheries (Pereira and Hansen 2003). An approach that
has been implemented with success, albeit in big-game wildlife management systems, is access
limitation via lottery systems (Boxall 1995; Scrogin et al. 2000). Similar limited-entry

management systems have been recommended and implemented in coastal sport fisheries (Cox
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et al. 2002; Abbott and Wilen 2009), and a harvest-tag program (but not effort limitation) is
currently used to manage Alberta’s high-effort Walleye Sander vitreus fisheries (Sullivan 2003).
Empirical evaluations of case-studies such as these represent a critical area for future work.
Similarly, well-designed adaptive management experiments could reduce key uncertainties
associated with limited entry programs in inland fisheries, such as how anglers redistribute effort
in response to regulation changes (Cox et al. 2003; Hunt et al. 2011). Management experiments
seeking to limit effort may offer exciting opportunities to learn about the dynamics between

anglers and fish populations, but will remain challenging to implement.
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Figure Captions

FIGURE 1.—Map showing locations sampled via multi-pass electrofishing in the lower Bow
River during 2003-2013. Upper insert: location of the study area in Alberta, Canada. Note that
sampling locations in 2003, 2005, 2007, and 2008 were identical and are represented by the
section of river deliniated with vertical black bars (sampling location “1”’). Sampling locations
were subsequently changed to stratified random locations: 2011=“2”, 2012 = “3”, 2013 =“4.”

The Bearspaw Dam is indicated by *.

FIGURE 2.— Posterior distributions of Rainbow Trout density in the Lower Bow River, Alberta,
Canada during 2003-2013. Results are from model 1. Boxplots designate the median (black
line), the 25™ and 75" percentiles (lower and upper box boundaries), the upper and lower
whiskers that extend to 1.5 times the interquartile range, and any remaining “outliers” (open

circles).

FIGURE 3.— Posterior distributions showing the percent change per year in Rainbow Trout
abundance in the lower Bow River, Alberta, Canada during 2003-2008 (upper panel) and 2003-
2013 (lower panel). Percent change per year was calculated as a derived variable in our ‘trend

model’ analyses.

FIGURE 4.— Predictive replicate discrepency statistics vs. observed test statistics for three multi-
session models fit using the no-U-turn sampling algorithm in Stan. Posterior predictive p-values
were calculated as the proportion of points above the dashed 1:1 line. Left panel: independent

intercepts model. Middle panel: 2003-2008 trend model. Right panel: 2003-2013 trend model
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FIGURE 1.—Map showing locations sampled via multi-pass electrofishing in the lower Bow
River during 2003-2013. Upper insert: location of the study area in Alberta, Canada. Note that
sampling locations in 2003, 2005, 2007, and 2008 were identical and are represented by the
section of river deliniated with vertical black bars (sampling location “1”’). Sampling locations
were subsequently changed to stratified random locations: 2011= 2", 2012 = “3”, 2013 =“4.”

The Bearspaw Dam is indicated by *.

33

https://mc06.manuscriptcentral.com/cjfas-pubs



723

724

725

726

727

728

729

730

FIGURE 2.—Posterior distributions of Rainbow Trout density in the Lower Bow River, Alberta,
Canada during 2003-2013. Results are from model 1. Boxplots designate the median (black
line), the 25™ and 75™ percentiles (lower and upper box boundaries), the upper and lower

whiskers that extend to 1.5 times the interquartile range, and any remaining “outliers” (open
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731

732 FIGURE 3.—Posterior distributions showing the percent change per year in Rainbow Trout
733  abundance in the lower Bow River, Alberta, Canada during 2003-2008 only (upper panel) and
734 2003-2013 (lower panel). Percent change per year was calculated as a derived variable in our

735  ‘trend model’ analyses.
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FIGURE 4.—Predictive replicate discrepency statistics vs. observed test statistics for three multi-
session models fit using the no-U-turn sampling algorithm in Stan. Posterior predictive p-values
were calculated as the proportion of points above the dashed 1:1 line. Left panel: independent

intercepts model. Middle panel: 2003-2008 trend model. Right panel: 2003-2013 trend model.
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APPENDIX 1. —Methods used to evaluate goodness-of-fit via posterior predictive p-values for the

multi-session models used in our analyses.

We evaluated our models using posterior predictive p-values (Gelman et al. 2014). Seber
(1982) provided an asymptotic discrepancy statistic based on the chi-squared distrubtion for a
single closed capture-recapture model assuming multinomial sampling:

(xw B éw)z
an T=Q St

wEen

where x  is the number of individual fish with capture history w, é,, is the expected number of

animals with that capture history calculated at the parameter estimates, and {2 represents the set
of capture histories excluding the all-zero history of ‘0000.” Link and Barker (2009) extended
this statistic to a Bayesian posterior predictive check, such that e, is calculated for each draw (/)
of the posterior. We added an additional summation symbol to the statistic described by Link

and Barker (2009) to evaluate the global fit of the multi-session models for all years considered

N N
(12) L e

t=1 wenN

in our analyses. We calculated our observed test statistics as:

where el corresponds to the expected number of animals with capture history parameter w

based on the parameter estimates for posterior draw 4. We then compared TS to a replicate

test statistic calculated as:
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rrev zz:(x”p el)?

(13) =1 wen

where x,rli)p is drawn from the posterior predictive distribution for x, (Link and Barker 2009).

The posterior predictive p-value for each model was then calculated as the proportion of T,f P >

TPbS (Gelman et al. 2014), and we judged p-values > 0.05 and < 0.95 as indications of sufficient

fit (see also Royle et al. 2013).
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765 APPENDIX 2.

766  TABLE 2.1. Marginal posterior summaries of parameters (2.5%, 50%, and 97.5% percentiles,
767  posterior SD) and diagnostic values (Neff = Number of Effective Samples, R = Gelman-Rubin
768  statistic) from the independent intercepts multi-session model 1 fitted to lower Bow River

769  Rainbow Trout data during 2003-2013.

Parameter Lower C.I. Median Upper C.I. SD Neff R
Y2003 0.16 0.20 0.39 0.06 2998 1
Y2005 0.15 0.19 0.29 0.04 5342 1
Y2007 0.15 0.21 0.34 0.05 4176 1
Y2008 0.12 0.15 0.23 0.03 3810 1
Y2011 0.15 0.18 0.25 0.03 3823 1
Y2012 0.07 0.09 0.16 0.02 7360 1
Y2013 0.03 0.04 0.06 0.01 5750 1
B0,00s 7.13 7.49 8.04 0.23 4348 1
B0,00s 7.07 7.34 7.74 0.17 6097 1
B0,00, 7.08 7.42 7.92 0.21 4725 1
B0,00s 6.85 7.11 7.51 0.17 4171 1
Boso1. 7.08 7.28 7.60 0.13 4205 1
Bo,015 6.27 6.63 7.14 0.22 8221 1
Bo,015 5.52 5.79 6.23 0.18 6248 1
No03 1256 1789 3083 479.62 3520 1
N3oos 1181 1542 2287 283.01 5264 1
Nyoo7 1199 1672 2749 407.29 4134 1
N3oos 950 1217 1827 226.03 3733 1
Nyo11 1200 1458 1995 203.47 3723 1
Nyo12 532 759 1259 188.93 7262 1
Nyo13 257 326 501 0.86 5289 1
02003 0.02 0.29 0.82 0.22 2945 1
02005 0.01 0.23 0.70 0.19 3634 1
02007 0.01 0.29 0.81 0.22 2892 1
02008 0.01 0.28 0.80 0.21 2992 1
02011 0.01 0.24 0.70 0.19 2179 1
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0.01
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0.02
0.04
0.04
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0.04
0.03
0.03
0.04
0.02
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0.07
0.05
0.01
0.05
0.06
0.09
0.05
0.01
0.04
0.04
0.05
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0.07
0.10
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0.04
0.07
0.07
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0.05
0.09
0.09
0.14
0.08
0.04
0.08
0.08
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0.13
0.15
0.20
0.12

0.80
0.99
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0.07
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0.10
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0.10
0.09
0.09
0.07
0.15
0.16
0.13
0.07
0.11
0.12
0.17
0.10
0.07
0.12
0.13
0.15
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0.21
0.28
0.19

0.21
0.26
0.01
0.01
0.02
0.01
0.01
0.01
0.01
0.02
0.02
0.02
0.02
0.01
0.02
0.02
0.02
0.01
0.02
0.02
0.02
0.01
0.01
0.02
0.02
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0.03
0.04
0.05
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5045
4676
4690
4684
4586
4799
6204
6084
6285
5971
4670
4655
4558
7573
4121
4128
4360
6092
4414
4430
4268
4624
6534
8591
8489
8261
7038
6911
6515
7039
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TABLE 2.2. Marginal posterior summaries of parameters (2.5%, 50%, and 97.5% percentiles,
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posterior SD) and diagnostic values (Neff = Number of Effective Samples, R = Gelman-Rubin

statistic) from the multi-session trend model 2 fitted to lower Bow River Rainbow Trout data

during 2003-2008.

Parameter Lower C.I. Median Upper C.I. SD Neff R
Wo003 0.16 0.22 0.32 0.04 5311 1
Wo00s 0.17 0.20 0.24 0.02 4650 1
Wo007 0.15 0.18 0.22 0.02 4183 1
Y2008 0.13 0.17 0.23 0.02 4009 1

Bo 6.96 7.19 7.50 0.14 4172 1

B -0.68 -0.25 0.19 0.22 4745 1
No03 1311 1760 2532 312.61 5300 1
N>o0s 1320 1579 1958 162.66 4688 1
N>o07 1182 1414 1787 155.09 4289 1
N3oos 1054 1325 1815 155.09 3976 1
02003 0.01 0.27 0.71 0.19 3897 1
02005 0.01 0.24 0.61 0.16 4370 1
02007 0.01 0.20 0.56 0.15 5676 1
02008 0.01 0.36 0.81 0.21 3074 1
P2003,1 0.03 0.05 0.07 0.01 5945 1
P2003,2 0.03 0.04 0.06 0.01 5974 1
P2003,3 0.04 0.06 0.09 0.01 5515 1
P2003,4 0.02 0.04 0.06 0.01 5949 1
P2005,1 0.05 0.07 0.09 0.01 6954 1
P2005,2 0.05 0.07 0.09 0.01 6913 1
P2005,3 0.04 0.05 0.07 0.01 7410 1
P2005,4 0.05 0.07 0.09 0.01 6902 1
P2007,1 0.06 0.08 0.10 0.01 6513 1
P2007,2 0.05 0.08 0.10 0.01 6437 1
P2007,3 0.07 0.10 0.13 0.01 5944 1
P2007,4 0.02 0.05 0.07 0.01 7540 1
P2008,1 0.06 0.10 0.13 0.02 4077 1
P2008,2 0.07 0.10 0.15 0.02 4017 1

41

https://mc06.manuscriptcentral.com/cjfas-pubs



Canadian Journal of Fisheries and Aquatic Sciences Page 42 of 44

P2008,3 0.05 0.08 0.11 0.02 4147 1
P2008,4 0.01 0.05 0.07 0.02 5993 1
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778  TABLE 2.3. Marginal posterior summaries of parameters (2.5%, 50%, and 97.5% percentiles,
779  posterior SD) and diagnostic values (Neff = Number of Effective Samples, R = Gelman-Rubin
780  statistic) from the multi-session trend model 3 fitted to lower Bow River Rainbow Trout data

781  during 2003-2013

Parameter Lower C.I. Median Upper C.I. SD Neff R
Y2003 0.18 0.23 0.30 0.03 4158 1
Wo00s 0.17 0.20 0.24 0.02 4105 1
Y2007 0.15 0.17 0.20 0.01 3767 1
Y2008 0.14 0.16 0.19 0.01 3458 1
Y2011 0.15 0.18 0.25 0.02 2950 1
Y012 0.06 0.07 0.10 0.01 4145 1
Y013 0.04 0.06 0.09 0.01 4194 1

Bo 6.91 7.04 7.19 0.07 3871 1
B -0.83 -0.51 -0.20 0.16 4031 1
B> -1.00 -0.69 -0.39 0.16 3831 1
N2oo3 1423 1810 2413 252.17 4181 1
N3gos 1324 1579 1954 160.73 4158 1
N2oo7 1209 1385 1621 104.82 4061 1
N3gos 1133 1285 1492 91.45 3695 1
No11 1211 1464 1971 197.43 2457 1
N3o12 462 589 793 85.53 4320 1
N3o13 338 466 683 89.02 4108 1
02003 0.02 0.28 0.70 0.19 3485 1
02005 0.01 0.24 0.61 0.17 3770 1
02007 0.01 0.19 0.52 0.14 6504 1
02008 0.02 0.32 0.67 0.18 3608 1
02011 0.01 0.25 0.69 0.19 2351 1
02012 0.01 0.18 0.55 0.15 8843 1
02013 0.24 0.82 1.29 0.26 3407 1
P2003,1 0.03 0.05 0.07 0.01 4860 1
P2003,2 0.03 0.04 0.06 0.01 5087 1
P2003,3 0.04 0.06 0.08 0.01 4718 1
020034 0.03 0.04 0.06 0.01 5115 1
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1 | INTRODUCTION

Abstract

Environmental gradients determine the distributions of individual species, which, in
turn, shape patterns of species assemblage across those gradients. We used species
distribution models to study the assemblage of fish species along the three mainstem
rivers in the South Saskatchewan River Basin (SSRB) in Alberta, which flow in parallel
across an 800-km longitudinal span and down 1400 m from the Rocky Mountains to
the Great Plains of North America. We estimated the similarity of species assemblages
along each river to identify general patterns of species assemblage associated with
temperature and five other physiochemical variables. Mean July water temperature,
which ranged from <11°C at high elevation to >21°C at low elevation, was strongly
associated with the presence-absence of most species in the SSRB. We found that
high turnover occurred at two locations along the longitudinal gradient: where mean
July water temperature was approximately 15°C and where mean July water tempera-
ture was approximately 19 or 20°C. There was also an increase in species richness at
lower elevations where water temperatures were higher. Models incorporating fore-
casted changes in water temperature with climate change will likely provide accurate
predictions of changes in the diversity and distribution of riverine fish communities

across topographically heterogeneous landscapes.

KEYWORDS
beta diversity, climate change, community continuity, community-unit theory, individualistic

hypothesis, river continuum concept

particular point in time (Ricklefs, 2008; Whittaker, 1975). Communities

may exist, to some extent, due to close associations among species

Species distributions are the fundamental units in the study of bio-
geography. The patterns, causes and implications of species distribu-
tions have been investigated for over a century (e.g., von Humboldt &
Bonpland, 1805; Macarthur & Wilson, 1967; Wallace, 1876). Despite
this long history, ecologists continue to debate the implications of
species distributions in the context of species assemblage and com-
munity composition (e.g., Agrawal et al., 2007; Ricklefs, 2008). An eco-

logical community is an assemblage of species in a given location at a

that have adapted to one another (sensu Clements, 1916), but com-
munities emerge largely from the influence of regional processes and
environmental gradients on the distributions of individual species
(Gleason, 1926; Macarthur & Wilson, 1967; Ricklefs, 2008; Whittaker,
1975). Understanding the organisation of communities, therefore,
depends largely on understanding the determinants of species distri-
butions. Observational studies of species distributions at the regional

scale are a necessary step towards answering questions about the
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organisation of species assemblages and towards achieving predict-
ability in ecology (Agrawal et al., 2007), which is important for pre-
paring for the effects of climate change on species and communities.

Spatial distributions of communities and the population dynam-
ics that underlie them are affected by climatic conditions. Each spe-
cies’ spatial distribution is influenced by the range of environmental
factors to which it is adapted. At a regional scale, a species will be
present where births and immigration exceed deaths and emigration.
For example, a species may have a particular physiological response
to temperature, which prescribes a zone of tolerance wherein popu-
lations have positive instantaneous growth rates; outside of this zone
of tolerance, populations will have negative instantaneous growth
rates and thus are unable to persist over the long term without im-
migration. There are assuredly multiple environmental factors that
affect population growth rate (e.g., temperature, nutrients) each with
varying degrees of importance for different species. Populations are
only able to persist in the long term in areas with positive growth rate.
We assume that presence and absence data from field studies con-
ducted over several years across a broad geographic scale provides
information about a species’ zone of tolerance for a suite of environ-
mental factors, although we recognise the potential for immigration
and microhabitat refugia to introduce error in our estimation of zones
of tolerance. Nonetheless, we can develop species distribution mod-
els relating environmental factors and broadscale presence-absence
data and then predict or describe species’ spatial distributions based
on measurements of those environmental variables. These individual
species distribution models can then be combined to describe the di-
versity and distribution of communities.

One challenge in understanding what drives the spatial distribu-
tion of species is the large number of physiological and ecological
processes that could be important. Population growth rate could be
affected by a multitude of abiotic variables and ecological interactions.
The effect of a change in one environmental variable, such as tempera-
ture, could be potentially catastrophic to fitness and survival (Covich
et al., 1997), or it may cause no discernable effect given the myriad of
other influences on population dynamics (Davis, Lawton, Shorrocks,
& Jenkinson, 1998; Moss et al., 2003). For the purposes of predicting
and preparing for changes in diversity as a result of climate change, it
is, therefore, desirable to identify the environmental effects that have
a particularly strong influence on population dynamics for a given
group of species. For example, temperature has a particularly strong
effect on feeding, growth, reproduction and survival of fish (Hayward
& Weiland, 1998; Wootton, 1990). Increases in temperature are pre-
dicted in response to global climate change, and we can potentially
use forecasted temperature changes to predict changes in regional
fish species assemblage.

Water temperature, due to its strong influence on key bioener-
getic processes such as consumption rate, growth, reproduction and
survival (Wootton, 1990), is referred to as an ecological resource for
poikilothermic organisms (Magnuson, Crowder, & Medvick, 1979).
Several species have been found to thermoregulate by actively seeking
out areas of cooler water (i.e., tributaries and groundwater discharge
zones) when faced with a temperature regime that exceeds their

optimal temperature range (Biro, 1998; Kaya, Kaeding, & Burkhalter,
1977; Mackenzie-Grieve & Post, 2006; Nielsen, Lisle, & Ozaki, 1994;
Snucins & Gunn, 1995). Metabolic costs for these organisms typically
increase exponentially with temperature (Hanson, Johnson, Kitchell,
& Schindler, 1997). Consumption rates typically increase with tem-
perature to a maximum value and then decline rapidly with increas-
ing temperature, potentially falling below their metabolic demands
(Hanson et al., 1997). For many species, the difference between their
optimal thermal preference and the temperature where lethality or se-
vere functional impairment occurs (critical upper temperature) is only
a few degrees (Jobling, 1981). Nonetheless, abundant evidence sug-
gests that distributions of fishes are often determined by a combina-
tion of several physicochemical variables, including temperature, and
ecological interactions (e.g., Blanchet, Helmus, Brosse, & Grenouillet,
2014; Braaten & Guy, 1999; Brazner et al., 2005; Carvalho & Tejerina-
Garro, 2015; Furlan, Esteves, & Quinaglia, 2013; Jackson, Peres-Neto,
& Olden, 2001; Jaramillo-Villa, Maldonado-Ocampo, & Escobar,
2010; Lin, Tsai, Lin, Jong, & Wang, 2014; McCleary & Hassan, 2008;
McGarvey, 2011; Mercado-Silva, Lyons, Diaz-Pardo, Navarrete, &
Gutierrez-Hernandez, 2012; Murray & Innes, 2009; Rahel & Hubert,
1991; Smith & Kraft, 2005; Stevenson, Schnell, & Black, 1974; Troia
& Gido, 2013).

Fish communities in river basins with high topographic relief,
characterised by steep longitudinal temperature gradients, are ex-
cellent systems to study the influence of temperature on species
assemblages and diversity (Diana, 2004; Jaramillo-Villa et al., 2010;
Moyle, 2002; Rahel & Hubert, 1991), and, potentially, the impacts of
climate change on regional diversity (e.g., Keleher & Rahel, 1996). The
South Saskatchewan River Basin (SSRB) in southern Alberta, Canada,
drains an approximately 300-km span of the east slope of the Rocky
Mountains, with fish habitat from high-altitude, fast-flowing, cold
mountain streams (maximum elevation 1,963 m) to wide, warm, slow-
flowing rivers on the Great Plains (minimum elevation 578 m). The en-
tire SSRB in Alberta drains an area of 112,800 km? (SSRB Water Supply
Study Steering Committee 2010), an area slightly larger than Iceland.
The mainstem rivers in the basin are the Bow River, Oldman River and
Red Deer River, which coalesce with the South Saskatchewan River
approximately 900 km from the headwaters (just beyond the east-
ern border of Alberta). Approximately 1.78 million people live in the
South Saskatchewan River Basin, concentrated in the communities
of Calgary, Red Deer, Lethbridge and Medicine Hat (Kulshreshtha &
Thompson, 2007). Thirty-three species of fish are present in the SSRB
mainstem rivers (Nelson & Paetz, 1992) and they represent a wide
range of temperature preferences, from cold-water species such as
bull trout, Salvelinus confluentus Suckley, 1859 (upper lethal tempera-
ture 17.7°C; Dunham, Rieman, & Chandler, 2003a), to warmer water
species such as quillback, Carpiodes cyprinus (Lesueur, 1817) (upper
lethal temperature 38.8°C; Cherry & Cairns, 1982; Beitinger, Bennett,
& McCauley, 2000).

Our study was motivated by two related objectives: to evaluate
the predictive power of temperature in species distribution models,
and to elucidate the patterns of species assemblage in relation to tem-
perature. Two potential patterns of species assemblage across a river
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basin are (i) biotic zonation and (ii) species addition with greater dis-
tance from headwaters (Rahel & Hubert, 1991). With biotic zonation,
there will be discrete changes in species assemblage identifiable by
adjacent locations with high turnover or low similarity. The locations
of zone boundaries can then be associated with environmental factors
that have particularly strong predictive power in species distribution
models. A pattern of species addition, with greater species richness
at lower elevation, but no discrete changes in species assemblages
or associations with particular environmental factors, would be ex-
pected due to increased space, productivity and temporal stability at
lower elevations. Our study is an improvement on previous attempts
to elucidate these patterns (Jaramillo-Villa et al., 2010; Mercado-Silva
et al., 2012; Rahel & Hubert, 1991) because we modelled longitudinal
species distributions using extensive fine-scaled sampling along the
full length of three replicate parallel mainstem rivers and, thereby, we
were better able to draw general conclusions about patterns of species
assemblage and the importance of particular environmental variables
on species distributions. Also, unlike other studies conducted over
similar geographic scales (e.g., Buisson, Blanc, & Grenouillet, 2008;
Grenouillet, Pont, & Herisse, 2004; Pont, Hugueny, & Oberdorff,
2005), our aim was not merely to describe species distribution models
and local species richness, but to specifically relate species diversity
and assemblage to temperature in the context of predicting and pre-
paring for the effects of climate change.

3
CWILEY-®
2 | MATERIALS AND METHODS

To quantify the associations between physicochemical variables and
the presence or absence of each species, we compiled river physico-
chemical and fish species presence-absence data into a geographic
information system (GIS) geodatabase using ARCGIS software
(Environmental Systems Research Institute 2005a). The GIS geodata-
base contained spatial information on fish species’ presence-absence
and environmental parameters. The base map (Figure 1) was cre-
ated by tiling together National Topographic Service (NTS) maps at
a 1:50,000 scale for the SSRB area (Natural Resources Canada 1982-
2001). These maps were originally in geographic coordinates and
were converted to a 10TM projection (AEP Forestry 10TM coordi-
nates with a NAD83 datum). The 10TM projection has similar proper-
ties to the more common UTM projection as they are both Transverse
Mercator Projections. The 10TM projection was used since the UTM
zones (11U and 12U) divide the study area in half, while 10TM is cen-
tred for Alberta and is commonly used for Alberta forestry maps. The
Alberta provincial boundary was sourced from the ESRI Geography
Network (Environmental Systems Research Institute 2005b). Water
temperature monitoring locations in the SSRB are shown in Fig. S1 in
Appendix S1.

The South Saskatchewan River starts at the confluence of the Bow
River and the Oldman River (Figure 1). For the purposes of our models,

FIGURE 1 Map of the South Saskatchewan River Basin in Alberta, Canada. Provincial boundaries are shown in pink
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and the rest of our study, we assumed that the start of the South
Saskatchewan River is at the end of the Bow River, 637 km from the
headwaters. The alternative was to assume that the start of the South
Saskatchewan River was at the end of the Oldman River, 438 km from
the headwaters, but neither alternative changed the interpretation of
the data (alternative analysis not shown).

Mean July water temperature was expected to be the best predic-
tor of fish species’ distributions due to the sensitivity of fish to warm
temperatures (Jobling, 1981). Water temperatures in July are typically
the warmest of the year in the mainstem rivers of the SSRB. The month
of July includes the warmest water temperatures at widely dispersed
sites in the river basin. Water temperature data for the mainstem rivers
in the SSRB were available from the NCE Water Quality Database. The
NCE Water Quality Database was compiled by University of Calgary
researchers for the Canadian Water Network from water quality data
available in the SSRB from provincial, civic and federal agencies. Water
temperatures available in the NCE Water Quality Database were col-
lected by provincial, civic and federal agencies during water sampling
events at 174 water monitoring stations throughout the mainstem riv-
ers in the SSRB. Mean July water temperatures were averaged over
a forty-year time period (from 1962 to 2001) bracketing the years in
which fish presence-absence data were collected (1969-2000; see
below). We interpolated mean July water temperatures for each kilo-
metre of the watershed (i.e., between water monitoring stations) by
modelling a sigmoidal relationship between mean July water tempera-
ture and headwater distance (Robins, 2009).

Phosphorous and nitrogen are limiting for primary producer bio-
mass in the SSRB (Sosiak, 2002). High levels of these nutrients have
been linked to high numbers and biomass of invertebrates (Askey
et al., 2007). Thus, concentrations of phosphorous and nitrogen in
the water of the mainstem rivers were used as indicators of the food
environment available to fish in the SSRB. Turbidity may also affect
the ability of fish species to capture prey as well as provide a pre-
dation refuge for some species and thus affect the relative strength
of competition and predation (De Robertis, Ryer, Veloza, & Brodeur,
2003; Rieger & Summerfelt, 1997; Wootton, 1990). Various measures
of phosphorous, nitrogen and turbidity were available in the NCE
Water Quality Database for the years 1962-2001 in which different
analytical methods have been used. For example, phosphorous was
measured by fifteen analytical methods, nitrogen by seventeen meth-
ods and turbidity by six methods. For all three of these variables, the
analysis method that had the greatest data density both spatially and
temporally was selected. Total phosphate (mg/L) was used as a mea-
sure of phosphorous, dissolved nitrate-nitrite (mg/L) was used as a
measure of nitrogen and turbidity was measured in nephelometric
turbidity units (NTUs). The majority of data for phosphorus, nitrogen
and turbidity were collected during the growing season between May
and October, although some samples were taken in the winter months.
We restricted our analysis to samples collected in the growing season.
Mean values for these variables were calculated for May to October
1962-2001 for each monitoring station. As these variables are related
to anthropogenic point sources and to natural processes, there would
be high uncertainty in interpolation between sampling locations with a

regression equation. In addition, these variables are influenced by the
stream direction (i.e., downstream locations are affected by upstream
locations), which would be difficult to capture in a regression equation,
which requires independent data points. Therefore, we interpolated
phosphorus, nitrogen and turbidity values for each kilometre of the
watershed by assigning the value of the closest upstream water mon-
itoring location.

Water velocity has been commonly used in habitat models for
lotic fish as the energy required to manoeuvre in fast-flowing water
is higher than in slow-flowing water and can represent a limitation for
some species (Clipperton, Koning, Locke, Mahoney, & Quazi, 2003;
Hughes, Hayes, Shearer, & Young, 2003; Laliberte, Post, & Rosenfeld,
2014; Rosenfeld & Boss, 2001). Water velocity measurements for the
entire SSRB were not available, so river slope was used as a proxy of
the average water velocity. Slopes were estimated for each kilometre
of the watershed from the NTS maps projected in 10TM coordinates
based on the elevation contours that crossed the river. The difference
in elevation between two contour lines was divided by the down-
stream distance between the two contours to give the mean slope.

A number of abiotic and biotic variables are correlated with
river size and distance from headwaters (Rosenfeld, Post, Robins, &
Hatfield, 2007; Vannote, Minshall, Cummins, Sedell, & Cushing, 1980).
According to the river continuum concept (Vannote et al., 1980), river
ecology, geology and hydrology change in a predictable way from
headwaters to mouth. Channel width increases downstream and is
correlated to discharge as well as a multitude of other longitudinal
variables, which were not measured or available for the rivers in this
study. Thus, channel width was included as a correlate of numerous
unmeasured variables that change as the rivers increase in size down-
stream. Channel widths were estimated for each kilometre of the
watershed from the NTS maps projected in 10TM coordinates. The
channel width was measured directly from the NTS maps in ARCGIS
software as the bank-to-bank distance perpendicular to the centre line
of the river. Portions of the rivers that are represented as a line feature
were estimated to have a channel width of 10 m.

Fish species’ presence-absence data were derived from a num-
ber of sources. The Alberta Environment and Sustainable Resource
(AESRD) and Wildlife
Information System (FWMIS) database was accessed on 28 June 2005
(AESRD 2005). Data in the FWMIS database were collected by nu-
merous researchers using a variety of methods and was composed of

Development Fisheries Management

data from all fish research conducted in the Province of Alberta. In
addition, Henderson and Peter (1969) conducted a thorough survey
of the fish species present in the rivers in the SSRB using multiple col-
lection methods. Nelson and Paetz (1992) summarised the presence
data in Alberta for fish species from University of Alberta collections
and government survey data. Rhodes (2005) intensively sampled ap-
proximately 180 km of the Bow River for the target species of rainbow
trout. These data were also included in the fish presence-absence data
set. Where necessary, fish sampling locations were digitised from pub-
lished maps (Henderson & Peter, 1969; Nelson & Paetz, 1992) into the
geodatabase. Digitised data locations had an error of approximately
5 km. Fish locations from the Bow River study (Rhodes, 2005) were
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TABLE 1 Species present in the South Saskatchewan River Basin

(asterisk denotes non-native species).

Species by family

Salmonidae
*Brook trout, Salvelinus fontinalis (Mitchill, 1814)
Bull trout, Salvelinus confluentus Suckley, 1859
Lake trout, Salvelinus namaycush (Walbaum, 1792)
*Brown trout, Salmo trutta Linnaeus, 1758

Westslope cutthroat trout, Oncorryhchus clarki
lewsii (Suckley, 1856)

*Rainbow trout, Oncorhynchus mykiss
(Walbaum, 1792)

Lake whitefish, Coregonus clupeaformis
(Mitchill, 1818)

Mountain whitefish, Prosopium williamsoni
(Girard, 1856)

Cyprinidae
Finescale dace, Chrosomus neogaeus (Cope, 1867)

Fathead minnow, Pimephales promelas
(Rafinesque, 1820)

Lake chub, Couesius plumbeus (Agassiz, 1850)
Pearl dace, Margariscus margarita (Cope, 1867)

Flathead chub, Platygobio gracilis (Richardson,
1836)

Longnose dace, Rhinichthys cataractae
(Valenciennes, 1842)

Emerald shiner, Notropis atherinoides Rafinesque,
1818

River shiner, Notropis blennius (Girard, 1856)

Spottail shiner, Notropis hudsonius (Clinton, 1824)
Hiodontidae

Goldeye, Hiodon alosoides (Rafinesque, 1819)

Mooneye, Hiodon tergisus (Lesueur, 1818)
Catostomidae

Longnose sucker, Catostomus catostomus Forster,
1773

White sucker, Catostomus commersonii Lacépede,
1803

Mountain sucker, Catostomus platyrhynchus Cope,
1874

Quillback, Carpiodes cyprinus (Lesueur, 1817)

Shorthead redhorse, Moxostoma macrolepidum
(Lesueur, 1817)

Cottidae
Spoonhead sculpin, Cottus ricei (Nelson, 1876)
Percopsidae

Troutperch, Percopsis omiscomaycus
(Walbaum, 1792)

Percidae
Walleye, Sander vitreus (Mitchill, 1818)
Sauger, Sander canadensis (Griffith & Smith, 1834)

Abbreviation®

BKTR
BLTR
LKTR
BNTR
CTTR

RNTR

LKWH

MNWH

FNDC
FTMN

LKCH
PRDC
FLCH

LNDC

EMSH

RVSH
SPSH

GOLD
MOON

LNSC

WHSC

MNSC

QUIL
SHRD

SPSC

TRPR

WALL
SAUG

(Continues)

~WiILEY-L®

TABLE 1 (Continued)
Species by family Abbreviation®
Yellow perch, Perca flavescens Mitchill, 1814 YLPR
Gasterosteidae
Brook stickleback, Culea inconstans (Kirtland, BRST
1840)
Esocidae
Northern pike, Esox lucius Linnaeus, 1758 NRPK
Acipenseridae
Lake sturgeon, Acipenser fulvescens (Rafinesque, LKST
1817)
Lotidae
Burbot, Lota lota (Linnaeus, 1758) BURB

2This is the standard abbreviation used in the FWMIS database, and which
we use in Table 2.

included as point locations in the centre of the kilometre subsection
where they were captured. We note that given the broad temporal
range over which our data was collected (roughly 40 years), our results
are expected to be representative of species’ average occurrence at
the scale of decades.

A location where a species was captured (i.e., a presence) was
coded as 1. In order for a species to be classed as absent from a sam-
pling location, and coded as 0O, a specified level of fishing effort was
required. For the Henderson and Peter (1969) study, all of the sites
were sampled with a high level of effort using multiple types of fishing
gear. Thus, if a fish species was not captured at one of their locations,
it was determined to be absent. For the FMIS data, large fish species
were coded as absent only if there were at least 100 fish collected
and more than three species recorded at a location for large-bodied
species. Small species were coded as absent for the FMIS data if the
species was unreported at locations where there were more than 100
small fish collected. If a species was not reported at an FMIS location
that did not meet these effort requirements, the species’ presence was
coded as unknown (999). No information on the level of fishing effort
was available for fish locations in Nelson and Paetz (1992). Thus, these
locations were coded as unknown (999) if a species was not reported.
There was a consistent and high level of effort in the Rhodes (2005)
study; thus, if a fish species was caught in other sections, it was coded
as absent (0) if it was not caught at a particular location.

A total of 33 species were present in the data sources we used to
assess species diversity across the SSRB in Alberta (Table 1). Four of
these species (finescale dace, fathead minnow, lake trout and pearl
dace) were rare or atypical (e.g., obligate lake species such as lake
trout) and were not included in our analysis. To predict the probability
of presence for the remaining 29 species at all locations throughout
the SSRB, we evaluated multivariate logistic regression models using
mean July water temperature (1962-2001), mean slope, mean total
phosphate, mean dissolved nitrate-nitrite, mean turbidity and channel
width (abbreviated as T, S, P, N, B and C, respectively, in Tables 1 and
2) as correlates of species presence-absence. Among-variable cor-

relations were tested with the Spearman rank correlation coefficient.
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Physicochemical variables that were highly correlated with each other
(i.e., >0.90 or <-0.90) were not included in the same model in order to
avoid problems with multicollinearity, although there still may be some
unavoidable multicollinearity due to the nature of rivers changing in a
predictable way along the downstream direction (Allison, 2012).

Logistic regression analysis for each species was conducted using
PROC LOGISTIC in sAs software, version 9.1 of the SAS System for Windows
(Copyright © 2004 SAS Institute Inc., Cary, NC, USA), for all phys-
icochemical variables. Given the possibility of species distributions
being restricted to middle portions of the environmental gradients we
sampled, we wanted to allow the models to fit a dome-shaped curve.
Hence, we also included the cross products of for all physiochemical
variables in our models (i.e., T, S?, P2, N2, BZ and C?). All of the pos-
sible model combinations were compared using Akaike’s information
criterion, and the corrected Akaike weights (AIC ) were generated and
summed for each parameter. Akaike weights are roughly equivalent to
the bootstrapping probabilities of each parameter being selected in
the final model and, thus, can be interpreted as probabilities (Burnham
& Anderson, 1998, 2004). Parameters with an Akaike weight of 0.95 or
greater indicate that the parameter is significant in explaining the vari-
ation in the fish presence data. The Hosmer and Lemeshow goodness-
of-fit test was also run on the logistic regression results in order to
determine how well the model results fit the observed data (Allison,
2012). A model with a Hosmer and Lemeshow goodness-of-fit value
that was small (<0.05) was considered to have a poor fit to the data.
The final model used for the estimation of fish probability of presence
was derived through model averaging. A subset of top models with
a AAIC_ value of 2 or less relative to the best model, a Hosmer and
Lemeshow goodness-of-fit value >0.05 and models with parameters
which converged on a reliable solution were used to average the pa-
rameters for each variable included in the top model set. The Akaike
weights were used to weight each parameter from each model in the
model averaging process such that models with a higher Akaike weight
(i.e., models that explain more of the variation in the data with the
fewest parameters) have a higher influence on the final parameter
value for each variable in the final model (Burnham & Anderson, 1998,
2004).

To describe fish species diversity and assemblage across the SSRB,
we used the average probability of presence across all species as an
index of species richness. To find locations with high turnover in spe-
cies composition (i.e., high beta diversity), we calculated the mean
Czekanowski coefficient among all comparisons of 1-km reaches within
a 50-km moving window along each mainstem river (i.e., the mean co-
efficient within £ 25 km at 5-km steps along each river). To examine
assemblage structure, we divided each river into 15-km intervals (i.e.,
sites), and calculated the mean probability of presence for each spe-
cies at each of these “sites.” We then calculated a dissimilarity matrix
among all sites within each river based on 1 minus the Czekanowski
coefficient (which is equivalent to the Bray-Curtis or Steinhaus dis-
similarity coefficient; Magurran, 2004; Legendre & Legendre, 2012),
and used nonmetric multidimensional scaling (NMDS) as an ordina-
tion method to look for longitudinal changes in assemblage structure
associated with temperature. We also used hierarchical clustering to
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delineate sites with similar species assemblages. These analyses were
performed in R (R Core Team 2014) using the package vegan to per-

form the ordination analyses (Oksanen et al., 2016).

3 | RESULTS

There was an increase in temperature, turbidity and channel width,
and a decrease in slope in the rivers from headwaters to the Alberta
border (Figure 2). Total phosphate and dissolved nitrate-nitrite in-
creased as distance from headwaters increased, but there were sev-
eral spikes in concentrations of these nutrients near major cities, likely
due to municipal wastewater discharge (Figure 2). None of the phys-
icochemical variables in our analysis were strongly correlated (above
0.9 or below -0.9) by Spearman rank correlation. While there is some
collinearity among the variables, which could affect the results of the
parameter fitting and hypothesis tests for the regression modelling,
the main concern of this study was to derive a final model that has
accurate and reliable predictions. The collinearly present in the data
is not expected to cause problems in the derivation of the final model
using the information theoretic approach.

Each species’ distribution was predicted based on the average
values for the physicochemical variables in the best models for that
species (Table 2). For seventeen species, mean July water temperature
was a significant variable based on Akaike weights (Table 2). Nitrate-
nitrite was a significant variable in the final model for 12 species, slope
for nine species, phosphate for seven species, turbidity for five species
and channel width for four species in the SSRB. Mean July water tem-
perature had the highest average Akaike weight followed by dissolved
nitrate-nitrite, mean slope, total phosphate, turbidity and channel
width. Temperature was included in all of the final models for all fish
species that we evaluated (Table 2).

A dome-shaped distribution pattern (with highest prevalence
at intermediate distance from the headwaters) could be caused by
a negative coefficient associated with any of the quadratic effects.
Six species had a clear dome-shaped distribution pattern (Table 3):
rainbow trout, brown trout, spoonhead sculpin, troutperch, spottail
shiner and mountain sucker. Whereas temperature was generally an
important determinant of species distribution, only two of these six
species had a negative coefficient associated with the quadratic term
for temperature (Table 2): rainbow trout and troutperch. The dome-
shaped patterns for the other four species must, therefore, be caused
by the quadratic terms associated with other physiochemical variables.
For example, in the case of brown trout, the quadratic coefficients for
slope and mean total phosphorous were included in the model predict-
ing probability of occurrence, and had negative values (-2.75E+05
and -1.21E+02 for 2 and P?, respectively: Table 2). Overall, nonqua-
dratic effects were more prevalent than quadratic effects, and qua-
dratic effects were not necessarily associated with a dome-shaped
distribution patterns (Table 2).

Species richness tended to increase downstream and at higher
temperatures (Table 3). There was also substantial turnover in compo-
sition of species along each of the mainstem rivers in the SSRB. The
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FIGURE 2 |Interpolated values for mean July water temperature, slope, phosphate, nitrate-nitrite, turbidity and channel width in the SSRB
mainstem rivers

sliding window analysis revealed evidence for high turnover (i.e., low rivers (Figure 3). There was also evidence for high turnover at locations
similarity between adjacent locations) at locations where mean July where mean July water temperature equalled approximately 19-20°C

water temperature equalled approximately 15°C in all three mainstem (Figure 3).
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TABLE 3 A comparison of species with probability of presence greater than 85% (from the present study) for river locations in the SSRB
with different mean July temperatures, presented with thermal guild membership for those species examined in Eaton et al. (1995) and Wehrly
et al. (2003), and with sparklines showing longitudinal distribution.

High probability of presence with mean July temperature

Longitudinal
>10 and 211 and 215 and 220 and 221 and probability of
Species <11°C <15°C <20°C <21°C <22°C Thermal guild presence

Bull trout y y L
Cutthroat trout y y Cold \kN
Brook stickleback y y y M
Brook trout y y y y Cold

Mountain whitefish y y y y Cold %
Rainbow trout y y Cold %

Brown trout y y y Cold W

Spoonhead sculpin y y N NMa

Longnose dace y y y y y Cool j‘/”“““ﬂ
White sucker y y y y y Cool W

Longnose sucker y y y y y W

Troutperch y y y y M

Spottail shiner y W
Yellow perch y Cool W

Lake chub y y /—J«J'LV\/\—'—»_\
Northern pike y y Cool W
Mountain sucker y y y M

Emerald shiner y y y ﬁ
Lake whitefish y y y W
Goldeye y y Y W
Mooneye y y y W
Shorthead redhorse y y y r
Walleye y y y Cool fw
Sauger y y y Cool JVW
Quillback y y y f
Lake sturgeon y y y J’\/"J

(Continues)
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TABLE 3 (Continued)
High probability of presence with mean July temperature
Longitudinal
>10 and 211 and 215 and 220 and 221 and probability of
Species <11°C <15°C <20°C <21°C <22°C Thermal guild presence
Flathead chub y w
River shiner y w
Burbot y Cool W
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Ordination using NMDS indicated that headwater sites had dis-
tinct communities compared with high stream order sites; scores on
the first NMDS axis increased with increasing headwater distance in
all three mainstem rivers (Figure 4). In addition, the NMDS analysis,
coupled with hierarchical clustering based on community dissimilarity,
revealed that the longitudinal structure of species assemblage cor-
responded closely with the locations of high turnover in each river.
Clusters of sites with similar community assemblages identified via hi-
erarchical clustering (i.e., sites connected by short distances along the

July water temperature

in the watershed with the greatest turnover
are indicated with dotted lines

green lines in Figure 4) were associated with distinct portions of the
temperature gradient (separated by red lines in Figure 4) in each of the
three mainstem rivers.

Eleven of the 29 species analysed in our study have previously
been classified into thermal guilds (Eaton et al., 1995; Wehrly, Wiley,
& Seelbach, 2003). Cutthroat trout, brook trout, mountain whitefish,
brown trout and rainbow trout have been classified as cold guild spe-
cies. Most of these cold guild species had a high probability of pres-
ence (>85%) in the coldest reaches of the SSRB (Table 3). Northern
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pike, longnose dace, white sucker, walleye, sauger, yellow perch and
burbot have been classified as cool guild species. Most of these cool
guild species had a high probability of presence in the warmest reaches
of the SSRB (Table 3). No warm guild species were found in the SSRB.
Three species (longnose dace, white sucker and longnose sucker) had
high probability of presence across the full range of temperatures
in the SSRB (table 3). The high turnover where water temperature
equalled approximately 15°C was associated with a sharp decline in
the probability of presence of certain species (e.g., bull trout; Figure 5)
and an increase in the probability of presence of others (e.g., northern
pike and walleye; Table 3). Similarly, the high turnover where water
temperature equalled approximately 19 or 20°C was associated with
a sharp decline in the probability of presence of some species (e.g.,
rainbow trout; Figure 6) and an increase in the probability of presence
of others (e.g., flathead chub; Figure 7). Other species generally had
varying degrees of thermal niche width, and overlapped continuously

along the length of the three mainstem rivers in the SSRB (Table 3).

4 | DISCUSSION

Within the SSRB in Alberta, from headwaters to the Saskatchewan
border, there was an increase in water temperature, total phosphate,
dissolved nitrate-nitrite, turbidity and channel width and a decrease

70 2 0. .2 —0.6 —0.4 —0.2 0.0 0.2
NMDS1

in slope, as expected according to the river continuum concept
(Vannote et al., 1980). These longitudinal physicochemical changes
were associated with changes in the probability of presence of 29 fish
species found in the SSRB. Mean July water temperature, in particular,
was strongly associated with the presence-absence of most species in
the SSRB, and there was a subset of species (most notably bull trout
and cutthroat trout) found primarily in the coldest reaches (mean July
water temperature <15°C) and a subset of species (most notably flat-
head chub and river shiner) found primarily in the warmest reaches
(mean July water temperature >19 or 20°C.

Species richness was highest in the low-elevation reaches, and
declined towards the headwaters, which is consistent with a pattern
of species addition. We also found strong evidence, replicated across
all three mainstem rivers in the SSRB, that there is a switch from a
cold-water fish assemblage in the headwaters, where mean July
water temperature is below 15°C, to a warmer water fish assemblage,
where mean July water temperature is above 15°C, and then to an
even warmer water assemblage where mean July water temperature
is above 19 or 20°C. Generally, the fish that comprise these different
assemblages have experimentally determined temperature tolerances
that are consistent with the thermal niches inferred in the present
study. Within the regional pool of species in the SSRB, those with pub-
lished mean temperature preferences below 15°C (cutthroat trout, bull
trout, mountain whitefish, and longnose sucker; Vigg & Koch, 1980;
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Jobling, 1981; Cherry & Cairns, 1982; lhnat & Bulkley, 1984; Eaton &
Scheller, 1996; Dickerson & Vinyard, 1999; Beitinger et al., 2000; BC
MELP 2001; Dunham et al., 2003a; Huff, Hubler, & Borisenko, 2005)
were all found in the coldest headwater regions of the SSRB. Species
with published mean temperature preferences above 18°C (yellow
perch, sauger, walleye, lake sturgeon, northern pike, emerald shiner,
spottail shiner, quillback, white sucker; Scott & Crossman, 1979;
Jobling, 1981; Cherry & Cairns, 1982; Kellogg & Gift, 1983; Cincotta &
Stauffer, 1984; US EPA 1995; Eaton & Scheller, 1996; Beitinger et al.,
2000; Lester, Dextrase, Kushneriuk, Rawson, & Ryan, 2004; Amadio,
Hubert, Johnson, Oberlie, & Dufek, 2005; Benson, Sutton, Elliott, &
Meronek, 2005; Amadio, Hubert, Johnson, Oberlie, & Dufek, 2006;
Wilson & Nagler, 2006) were all found in the warm lowland regions of
the SSRB. Thus, there is substantial evidence for biotic zonation based
on temperature driving species assembly in the SSRB.

An important assumption in the species distribution modelling in
our study is that the data used for the model selection are unbiased

and representative of long-term patterns of fish species’ presence.

FIGURE 5 Observed presence-absence
and probability of presence based on

model averaging among the best logistic
regression model (see Table 2) predicting
the presence of bull trout in the SSRB

There can, however, be challenges in using pre-existing historical
data due to variable collection methods and biases in sampling effort
among different locations (Hortal, Jimenez-Valverde, Gomez, Lobo, &
Baselga, 2008). In this study, the results of a detailed presence and
absence survey using a high level of effort (Henderson & Peter, 1969)
were combined with presence-only data from several sources (Nelson
& Paetz, 1992), data with varying levels of effort (AESRD 2005) and
data with a high level of effort for large fish (Rhodes, 2005). In partic-
ular, many fisheries studies in the FMIS database were focused on one
or two target species (mainly trout) and other species are recorded
as incidental captures. The bias towards trout in the data set likely
influenced the spatial distribution of fish sampling locations, with the
greatest density of sampling locations in the stream reaches where
trout are known (or suspected) to be present. The mid-reaches of the
rivers had a high data density for fish captures with relatively low data
density in the lower and upper reaches. But, as many species in this
study have a range edge in the mid-reaches of the rivers (i.e., where

turnover is highest), oversampling in the mid-reaches of the rivers is
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FIGURE 6 Observed presence-absence
and probability of presence based on
model averaging among the best logistic
regression model (see Table 2) predicting
the presence of rainbow trout in the SSRB

less likely to cause bias in the modelling results than oversampling in
other regions of the rivers.

Our study describes the patterns of species assemblage and diver-
sity in the SSRB, and our correlative results strongly point to species-
specific physiological tolerances and environmental preferences as the
mechanisms driving these patterns. We have not, however, ruled out
processes such as biotic interactions (e.g., competition and predation)
and dispersal limitation as contributing factors. For example, Whittaker
(1975) suggested that species along a gradient should shift their dis-
tributions in response to neighbouring species, resulting in narrower
distributions relative to potential distributions in the absence of com-
petition. The removal of a species should, therefore, result in a range
expansion of neighbouring species (i.e., ecological release; Terborgh &
Weske, 1975; Cox & Ricklefs, 1977), and the addition of a non-native
species should cause a range contraction for competitors.

The introduction of non-native species has had profound influ-
ences on native species distributions in many systems due to the

influence of competition and hybridisation. The best example in the
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SSRB is the introduction of rainbow trout to the watershed in the early
part of the 20th century, which has been clearly implicated in the con-
traction of the distribution of cutthroat trout to less than 20% of its
native historic range, now largely restricted to high altitude, isolated,
headwater regions in small, fragmented populations (Allendorf et al.,
2004; Shepard, May, & Urie, 2005; Trotter, 2008). In addition, declines
in populations of bull trout in the SSRB are suspected to be due, in
part, to competition and hybridisation with introduced brook trout
(COSEWIC, 2012).

It is also possible that whereas environmental tolerances may in-
fluence the distributions of species along an environmental gradient,
the actual boundaries between species distributions are determined
(or, at least, reinforced) by direct competitive interaction. In a study
of tropical forest birds along an altitudinal gradient in Costa Rica, al-
titudinal range boundaries at low elevations were strongly influenced
by aggressive interactions between competing congeners, whereas
range boundaries at the highest elevations were almost entirely the
result of environment tolerances related to the cloud forest conditions
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FIGURE 7 Observed presence-absence
and probability of presence based on
model averaging among the best logistic
regression model (see Table 2) predicting
the presence of flathead chub in the SSRB

at the mountain tops (Jankowski, Ciecka, Meyer, & Rabenold, 2009;
Jankowski, Robinson, & Levey, 2010). In a study of competition for
food among three fish species inhabiting different zones along a lon-
gitudinal temperature gradient in a mountain river in Wyoming, the
cold-water fish was limited primarily by reduced consumption at high
temperatures, whereas the warm-water fish was limited by poorer
competitive ability at low temperatures (Taniguchi, Rahel, Novinger,
& Geron, 1998). Additional studies investigating the relative influence
of competitive interactions and environmental tolerances in determin-
ing biotic zonation boundaries would contribute greatly to our under-
standing of mechanisms driving patterns of species assemblages.
Dispersal can influence population dynamics by affecting rates of
immigration and emigration. Limitations to dispersal can, therefore,
influence species distributions (and, therefore, diversity) in locations
where positive population growth depends on immigration. In the
SSRB, several dams and weirs inhibit or restrict fish movement, while

also altering the physical habitat by widening channels (or creating

reservoirs). In the Bow River, in particular, four dams have been built
since 1911 without fishways allowing upstream movement (169.1,
203.3, 245 and 465.5 km from the headwaters; see Figures 4, 5 or 6
for dam locations). These dams may have an effect on local (i.e., within
~10 km of the dam) and regional fish diversity. If river conditions
change substantially, perhaps in response to climate change or an
acute environmental disturbance, species’ environmental tolerances
may necessitate movement and relocation throughout the watershed,
and the presence of dams without fishways may limit the ability of
certain species to relocate to portions of the rivers with suitable envi-
ronmental conditions. Hence, in anticipation of the effects of climate
change, we suggest that monitoring of fish distributions and abun-
dances across the region, and especially in upstream and downstream
proximity to dams, should be ongoing.

The fact that temperature emerged as the most predictive envi-
ronmental factor for species distributions may have important impli-

cations. The importance of water temperature has also been shown
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in smaller scale studies of longitudinal fish distributions with less rep-
lication (Amadio et al., 2005; Dunham, Adams, Schroeter, & Novinger,
2002; Dunham, Schroeter, & Rieman, 2003b; Dunham et al., 2003a;
Fausch, Nakano, & Ishigaki, 1994; Hofmann & Fischer, 2002; Jaramillo-
Villa et al., 2010; Lester et al., 2004; McCleary & Hassan, 2008; Paul
& Post, 2001; Rahel & Nibbelink, 1999; Rich, McMahon, Rieman, &
Thompson, 2003; Rieman, Peterson, & Myers, 2006; Smith & Kraft,
2005). It is, therefore, likely to be highly informative to use projected
changes in temperature (resulting from climate change) to predict
future changes in species distributions and diversity at the regional
scale without being overly concerned about unpredicted (or unknown)
changes in other physiochemical variables that could affect species
distributions. Future directions include a study of predicted changes
in fish species distributions in the SSRB based on IPCC predictions for
temperature increases across the region. We note that whereas we
have focused primarily on upper thermal limits, there are parts of the
world where lower thermal limits are more important, and we expect
similar processes to act and analogous patterns to emerge regardless
of whether upper or lower thermal limits are of greatest importance.
The composition of communities across a heterogeneous land-
scape can be understood by quantifying the determinants species dis-
tributions, especially when those distributions are strongly influenced
by the physiology and survival of individuals in response to a particu-
lar environmental variable (such as temperature). Our study confirms
that temperature can be used to predict both species distributions and
species assemblage. This approach to understanding how species and
communities are distributed across a landscape could become increas-

ingly important when viewed in the context of climate change.
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Introduction

Climate change has been forecasted to cause a worldwide increase in air temperatures, and changes
in precipitation and runoff patterns (Bates et al. 2008). Consequently, many aspects of river hydrology
may change such as water temperature, discharge, channel morphology, and water quality (Arora and
Boer 2001; Jackson et al. 2001; Arheimer et al. 2005; Howarth et al. 2006; Caissie 2006; Lane et al. 2007;
Bates et al. 2008). Rivers are likely to become warmer, with lower flows, more extreme events, and
higher nutrient levels (Bates et al. 2008).

The forecasted changes in river temperature and hydrology and associated changes to lower trophic
level aquatic biota (e.g., algae, macrophytes, invertebrates, Wade et al. 2002; Daufresne et al. 2004;
Durance and Ormerod 2009) are likely to have significant impacts on fish. Of the variables that are
forecasted to change, water temperature is likely to have notable impacts because of the pervasive
effects of temperature on the fitness of fish (Dunham, Rieman et al. 2003; Dunham, Schroeter et al.
2003; Hari et al. 2006; Robillard and Fox 2006; Boughton et al. 2007; Ficke et al. 2007) through its
influence on consumption, respiration, growth, reproduction, swimming speed, and behaviour of fish
(Wooton 1990). Since it is such a strong determinant of fitness, water temperature changes alone are
commonly used to predict the impact of climate change on fish species (Ficke et al. 2007). Several
studies indicate the impact of climate change on freshwater fish could be considerable for species with
preferences for cold temperatures causing decreased abundance and ranges (Hauer et al. 1997; Milner

et al. 2009; Heino et al. 2009). Given the importance that water temperature was found to have on the



current distribution of fish species throughout the SSRB main stem rivers (Mee et al. 2016), the spatial
distributions of fish in the SSRB were predicted based on forecasted water temperatures in 2040 and
2080.

Results showed a reduction in the distribution of fish species with colder thermal preferences (<15°C
mean July water temperature, Fig. 1, Mee et al. 2016). Fish species such as Cutthroat trout,
Oncorhynchus clarkii, (Fig. 2) and bull trout, Salvelinus confluentus, displayed dramatic retraction of their

|II

distributions. Fish with “cool” thermal preferences (Fig. 3) displayed a mixed response to the predicted
changes in water temperature. Whereas, rainbow trout, Oncorhynchus mykiss, showed little change and
a marginal decline in the Red Deer River (Fig. 4), spoonhead sculpin, Cottus ricei, was predicted to see
local extinctions in the Red Deer, Bow and Oldman Rivers (Fig. 5). On the other hand, fish species with
preferences for warmer water temperatures (Fig. 6) displayed an upstream shift in their predicted
future distributions with increased predicted presence in the mid-reaches of the main stems. Walleye,
Sanders vitreus, for example (Fig. 7), was predicted to decrease drastically in the Oldman and South
Saskatchewan Rivers by 2080, but increase in the Bow River. Under climate warming scenarios, it is
apparent that fish species distributions are likely to undergo dramatic changes, and will have particularly
harmful impacts on some of Alberta’s current species of concern (e.g. cutthroat trout, bull trout,
spoonhead sculpin). With retractions to distribution predicted here, species are likely to be more
susceptible to other environmental and anthropogenic stressors.

Results showed a reduction in the distribution of fish species with colder thermal preferences (<15°C
mean July water temperature, Fig. 1, Mee et al. 2016). Fish species such as Cutthroat trout,
Oncorhynchus clarkii, (Fig. 2) and bull trout, Salvelinus confluentus, displayed dramatic retraction of their
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distributions. Fish with “cool” thermal preferences (Fig. 3) displayed a mixed response to the predicted
changes in water temperature. Whereas, rainbow trout, Oncorhynchus mykiss, showed little change and

a marginal decline in the Red Deer River (Fig. 4), spoonhead sculpin, Cottus ricei, was predicted to see



local extinctions in the Red Deer, Bow and Oldman Rivers (Fig. 5). On the other hand, fish species with
preferences for warmer water temperatures (Fig. 6) displayed an upstream shift in their predicted
future distributions with increased predicted presence in the mid-reaches of the main stems. Walleye,
Sanders vitreus, for example (Fig. 7), was predicted to decrease drastically in the Oldman and South
Saskatchewan Rivers by 2080, but increase in the Bow River. Under climate warming scenarios, it is
apparent that fish species distributions are likely to undergo dramatic changes, and will have particularly
harmful impacts on some of Alberta’s current species of concern (e.g. cutthroat trout, bull trout,
spoonhead sculpin). With retractions to distribution predicted here, species are likely to be more
susceptible to other environmental and anthropogenic stressors.

References

Arheimer, B., Andreasson, J., Fogelberg, S., Johnsson, H., Pers, C.B., and Persson, K. 2005. Climate
change impact on water quality: Model results from southern Sweden. Ambio 34: 559-566.

Arora, V.K., and Boer, G.J. 2001. Effects of simulated climate change on the hydrology of major river
basins. Journal of Geophsical Research-Atmospheres 106: 3335-3348.

Bates, B.C., Kundzewicz, Z.W., Wu, S., and Palutikof, J.P. 2008. Climate change and water. IPCC
Secretariat, Geneva.

Boughton, D.A., Gibson, M., Yedor, R., and Kelley, E. 2007. Stream temperature and the potential growth
and survival of juvenile Oncorhynchus mykiss in a southern California Creek. Freshwat. Biol.
52(7): 1353-1364.

Caissie, D. 2006. The thermal regime of rivers: a review. Freshwat. Biol. 51(8): 1389-1406.

Daufresne, M., Roger, M.C., Capra, H., and Lamouroux, N. 2004. Long-term changes within the
invertebrate and fish communities of the Upper Rhone River: effects of climatic factors. Global
Change Biol. 10(1): 124-140.

Dunham, J., Rieman, B., and Chandler, G. 2003. Influences of temperature and environmental variables
on the distribution of bull trout within streams at the southern margin of its range. N. Am. J.
Fish. Manage. 23(3): 894-904.

Dunham, J., Schroeter, R., and Rieman, B. 2003. Influence of maximum water temperature on
occurrence of Lahontan cutthroat trout within streams. N. Am. J. Fish. Manage. 23(3): 1042-
1049.



Durance, ., and Ormerod, S.J. 2009. Trends in water quality and discharge confound long-term warming
effects on river macroinvertebrates. Freshwat. Biol. 54(2): 388-405.

Ficke, A.D., Myrick, C.A., and Hansen, L.J. 2007. Potential impacts of global climate change on freshwater
fisheries. Rev. Fish Biol. Fish. 17(4): 581-613.

Hari, R., Livingstone, D., Siber, R., Burkhardt-Holm, P., and Guttinger, H. 2006. Consequences of climatic
change for water temperature and brown trout populations in Alpine rivers and streams. Global
Change Biol. 12(1): 10-26.

Hauer, F., Baron, J., Campbell, D., Fausch, K., Hostetler, S., Leavesley, G., Leavitt, P., McKnight, D., and
Stanford, J. 1997. Assessment of climate change and freshwater ecosystems of the Rocky
Mountains, USA and Canada. Hydrol. Process. 11(8): 903-924.

Heino, J., Virkkala, R., and Toivonen, H. 2009. Climate change and freshwater biodiversity: detected
patterns, future trends and adaptations in northern regions. Biological Reviews 84(1): 39-54.

Howarth, R.W., Swaney, D.P., Boyer, E.W., Marino, R., Jaworski, N., and Goodale, C. 2006. The influence
of climate on average nitrogen export from large watersheds in the Northeastern United States.
Biogeochemistry 79: 163-186.

Jackson, R.B., Carpenter, S.R., Dahm, C.N., McKnight, D.M., Naiman, R.J., Postel, S.L., and Running, S.W.
2001. Water in a changing world. Ecol. Appl. 11: 1027-1045.

Lane, S.N., Tayefi, V., Reid, S.C., Yu, D., and Hardy, R.J. 2007. Interactions between sediment delivery,
channel change, climate change and flood risk in a temperate upland environment. Earth Surf.
Process. Landforms 32(3): 429-446.

Mee, J.A., Robins, G., and Post, J.R. 2016. Patterns of fish species assemblage replicated across three
parallel rivers suggest biotic zonation in response to a longitudinal temperature gradient. Ecol.
Freshwat. Fish DOI: 10.1111/eff.12322.

Milner, A.M., Brown, L.E., and Hannah, D.M. 2009. Hydroecological response of river systems to
shrinking glaciers. Hydrol. Process. 23(1): 62-77.

Robillard, M., and Fox, M. 2006. Historical changes in abundance and community structure of
warmwater piscivore communities associated with changes in water clarity, nutrients, and
temperature. Can. J. Fish. Aquat. Sci. 63(4): 798-809.

Wade, A., Whitehead, P., Hornberger, G., and Snook, D. 2002. On modelling the flow controls on
macrophyte and epiphyte dynamics in a lowland permeable catchment: the River Kennet,

southern England. Sci. Total Environ. 282: 375-393.

Wooton, R.J. 1990. Ecology of teleost fishes. Chapman and Hall, London.
























From Glaciers to Prairie: Temporal and Spatial Variation in Ecological
Processes in a Large Riverine Ecosystem

R. Niloshini Sinnatamby?, Bernhard Mayer® Veronique Fau?, Stewart Rood?,

Anne Farineau?, John R. Post?

In preparation for Total Science of the Environment

1Department of Biological Sciences, University of Calgary, Calgary, Alberta, Canada, T2N 1N4. Email:

ramila.sinnatamby@ucalgary.ca

2Department of Geoscience, University of Calgary, Calgary, Alberta, Canada, T2N 1N4

3Environmental Science Program, Lethbridge University, Alberta, Canada, T1K 3M4


mailto:ramila.sinnatamby@ucalgary.ca

Introduction
Environmental flows, defined as the ‘quantity, timing and quality of water flows required to sustain

freshwater and estuarine ecosystems and the human livelihood and well-being that depend on these
ecosystems’ (Brisbane Declaration, 2007) is a fundamental principle used to guide water allocation
decisions to manage healthy rivers and estuaries. Though internationally accepted in principle, the
implementation of water management and the methods used to determine when and how much water
extraction is permitted, has varied widely both over time and by jurisdiction (Tharme, 2003). There is now
general consensus that maintaining the natural flow regime rather than a minimum flow, is vital to
maintaining ecosystem function (Poff and Zimmerman, 2010), however, understanding hydroecological
relationships, which can vary within and among regions and sites, and over time, remains a fundamental
challenge (Poff et al., 2017). This challenge is exacerbated by the vast number of physical, chemical and
biological elements that are interconnected and must be considered together to determine impacts of
anthropogenic alterations to the quantity, timing and quality of flows. Adding to this complexity is the
involvement of multiple stressors typically acting upon any one system. Three key physicochemical factors
that tend to vary both naturally and anthropogenically in a system and must be considered in determining
environmental flows are discharge, water temperature and nutrients.

To address the challenge of understanding hydroecological relationships in a large glacier-fed,
snowmelt-dominated river system, we combine new and existing data on the Bow River, Alberta, Canada.
Specifically, we look at how naturally and anthropogenically driven spatial and temporal variations in
discharge, water temperature and nutrients effect ecological processes in riparian density and community
structure, fish species biomass and distribution and aquatic primary production.

PHYSICAL STRUCTURE OF THE BOW RIVER
The Bow River Basin is one of four sub-basins that comprise the South Saskatchewan River Basin. The

main stem of the Bow River is approximately 637 km long, originating at Bow Lake (51°39'2.61"N,

116°25’11.8”W) in the Rocky Mountains, and terminating at the confluence with the Oldman River



(49°56'0.08”N, 111°41'12.62”W, Fig. 1) in the prairies, where they combine to form the South
Saskatchewan River. The Bow River is a snow-melt dominated river which is supported by a number of
tributaries. Of the larger tributaries, Spray, Cascade, Kananaskis and Elbow Rivers are regulated by
upstream dams, whereas Pipestone, Ghost, and Highwood Rivers are free-flowing. On the main stem of
the Bow there are two run-of-the-river hydroelectric dams (Kananaskis, Horseshoe, Fig. 1, Fig. 2), two
hydroelectric dams with storage reservoirs (Ghost, Bearspaw) and Bassano Dam which diverts water to
the Eastern lIrrigation District (EID). Harvie passage and Carseland weir divert water to the Western
Irrigation District (WID) and the Bow River Irrigation District (BRID), respectively. Harvey passage replaced
the City of Calgary weir in 2012.

The Bow River flows through three major natural regions: Rocky Mountain (subalpine and montane
subregions), Parkland (foothills parkland subregion), Grassland (foothills fescue, mixed grass, dry
mixedgrass subregions, Fig. 2, Alberta Parks, 2015). Its elevation declines gradually from 1983 MAMSL at
the mouth of Bow Lake to 706 MAMSL at the confluence with the Oldman River. Consistent with the river
continuum concept (Vannote et al.,, 1980), channel width gradually increases with distance from
headwaters. Two exceptions to the expected trend are the area around Canmore where the channel type
is frequently braiding and anastomosing, and increased width associated with the reservoirs and other
areas immediately preceding dams (excluded from Fig. 2). From the headwaters to Kananaskis Dam, the
river is relatively free from anthropogenic alteration. Here, sinuosity values (1-1.5) reflect a fairly straight
channel. The channel type was described as a single channel with infrequent braiding in the upper reach,
followed by a transition to frequent braiding and anastomosing immediately upstream of Banff. Between
the Kananaskis Dam and the inflow of the Highwood River, where the river is characterized by the most
anthropogenic alteration found along the river, sinuosity remains low and the channel type was described
as a single channel with infrequent braiding. River damming and flow stabilization are known to reduce

erosion and sediment transport and deposition, and consequently reduce channel migration and



geomorphic processes that typically occur under natural flow regimes (Williams and Wolman, 1984). In
fact, Rood et al (1999), used historical air photos to demonstrate that the Bow River between the City of
Calgary and the Highwood River confluence became less geomorphologically dynamic following flow
regulation. Further, bank armouring, which is also more prevalent in this reach (City of Calgary, 2016), is
known to limit erosion and channel migration (Florsheim et al., 2008). From the confluence of the
Highwood River, a large unregulated river, to Bassano Dam, sinuosity is notably higher (2) indicating a
meandering river (Dey, 2014), and is similar to a terraced meander belt described by Bridge (2003). This
small section of river represents a geomorphologically active section with relatively few anthropogenic
alterations. Indeed, Rood et al., (1999) noted the role of the input of unregulated flow from the Highwood
River in returning geomorphic channel activity to the Bow River main stem. From Bassano Dam to the
confluence with the Oldman River, the channel returns to a single channel river and sinuosity lowers
slightly to a value slightly above 1.5 but is still classified as meandering (Dey, 2014).

The Bow River flows through a number of municipalities (Lake Louise, Banff, Canmore, Cochrane,
Calgary) and First Nations reserves (Stoney Nakoda, Siksika) with additional population centres within the
basin. The City of Calgary accounts for the largest population density with a population of approximately
1,250,000 people in 2017. Water is extracted directly from the Bow River throughout the year by the Town
of Cochrane and City of Calgary for municipal use. Water withdrawn and treated by the City of Calgary is
used to supply residential users within the city (52%), industrial, commercial and institutional users (34%)
and wholesale users (Airdrie, Chestermere, 2%, City of Calgary, 2007). In addition, three of Alberta’s
irrigation districts are supported through extractions from the Bow River (WID, BRID, EID), which occur
primarily from April to October. Six wastewater treatment plants (WWTP) discharge treated effluent
directly into the Bow River (Fig. 1). Three of those plants exist within the City of Calgary limits, the largest

of the three being the Bonnybrook WWTP, and the most recent being Pine Creek WWTP which began



operation in mid-2008. The three plants treat wastewater from the City of Calgary as well as neighbouring
municipalities (Cochrane, Airdrie, Chestermere).
PHYSICOCHEMICAL VARIATIONS ON THE BOW RIVER
SPATIAL VARIATIONS IN WATER TEMPERATURE

Mean July water temperatures measured along the Bow River from 1961 to 2001 ranged between 6.0
and 24.4 °C and demonstrated a gradual increase with distance from the headwater (Fig. 3, Mee et al.,
2016). The pattern observed here is typical of a glacier-fed river originating in the mountains and flowing
to lower elevations in the prairies (Caissie, 2006).

SPATIAL AND TEMPORAL VARIATIONS IN DISCHARGE
Historical discharge measured at hydrometric stations along the Bow River reflected both spatial and

temporal variation (Fig. 4A). Measurements from the first decade on record (1911-1920) illustrated a
strong but gradual increase in discharge with distance from headwaters, as expected for increasing
drainage size and consistent with the river continuum concept (Vannote et al., 1980). In comparison,
during the recent decade (2001-2010) the downstream increase tapers off after the Horseshoe Dam and
discharge during the recent decade was substantially lower below the City of Calgary. Municipal
withdrawals from the Bow River represent for a relatively small proportion of the total extracted river
water, with withdrawal occurring at ~4 m3/s on average throughout the year. In contrast, water
withdrawn for irrigation would occur at a rate of approximately 27 m3/s if withdrawals were occurring
throughout the year. Instead, agriculture withdrawals occur primarily between April and October at a rate
of 46 m3/s during those months. Further, >90% of water extracted by the city is treated and returned to
the Bow River at the wastewater treatment plant outflow locations, in contrast with a return of only ~23%
of agriculture water. As such, whereas it is unlikely that municipal extractions contribute appreciably to
the lower discharge in the recent decade, agricultural withdrawals, are a likely contributor to the observed
pattern. The reduced summer flows are also likely to reflect increased summer storage in the Ghost and
Bearspaw Reservoirs when power demand is lower relative to winter.
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The hydrometric station on the Bow at Banff (05BB001) is suitable for accessing impacts from climate
variability and change because the watershed upstream of the station is free-flowing with a relatively
small anthropogenic footprint. Mean annual discharge (m3/s) between 1911 and 2014 displayed
interannual variation and a statistically significant decline of ~0.039 m3/year (Fig. 4B; linear regression:
r2=0.05, p<0.05; Kendall’s t: Z=-2.281, 1=-0.152, p<0.05). The decline in discharge observed over the past
century reflects a change of ~1% per decade or 10% in total. The observed decline likely reflects a
combination of natural and anthropogenic climate variability and change such as warming since the recent
Ice age, influence of the Pacific Decadal Oscillation (Rood et al., 2005), and anthropogenically driven
climate change. Statistical comparisons of monthly discharge over the same time period indicated
significant increasing trends in March, and significant decreasing trends in July-September (Pearson’s
Correlation p<0.05, Kendall’s T p<0.05). Increased March flows likely reflect increased March precipitation
and/or earlier snowmelt, whereas decreasing July-September flows may reflect reduced snowmelt as a
result of reduced snowpack and/or earlier melt, and increased evapotranspiration resulting from warmer
spring and summer air temperatures. Glacial wastage is thought to have little relative impact on the
observed trends (Hopkinson and Young, 1998; Rood et al., 2005). Discharge trends observed in the Bow
River at Banff reflect the same broad-scale patterns as other Nelson River tributaries (Rood et al., 2005).

A comparison of the seasonal hydrograph from the early (1911-1920) and recent decade (2001-2010)
at Banff and at the City of Calgary illustrates the increase in anthropogenic impact on the river with
increasing distance from headwaters (Fig. 4C). The Banff hydrographs illustrate a modest reduction in
summer flows. Since the river at Banff remains free-flowing, and water withdrawals are not a significant
part of the upstream river, this change likely reflects changes in climate since the early 1900s and present,
and is likely a combination of natural and anthropogenic climate change (Rood et al., 2008). In
comparison, the Calgary seasonal hydrograph reflects a drastic decrease in summer discharge and a

modest increase in discharge from late fall to early spring. These changes largely reflect anthropogenic



activities, such as river regulation and water withdrawals. River regulation for hydroelectric power
generation involves trapping high spring and summer flows, while increasing winter releases when power
demands are higher. Water returns from municipal use are not reflected in this plot since the gauging
station is upstream of the wastewater treatment plant outflows.

SPATIAL VARIATION IN NUTRIENT FLUX AND SOURCE

Nitrate flux values, combining nitrate concentrations with flow, are low in the headwaters and
increase substantially in the City of Calgary followed by a slight decline downstream of the city (Fig. 5A).
The substantial increase has been attributed to inputs from wastewater treatment plants in the city (Chao
et al., in prep.). The longitudinal profile of boron flux displays a more gradual increase with distance from
headwater and continues to increase further downstream of Calgary, declining again towards the
confluence with the Oldman River.

Although the large increase in nitrate flux coincident with the City of Calgary WWTP outflow suggest
them as the likely source, determining, with certainty the source and the downstream impact of each
source is not possible by simply assessing flux. Rather, the dual isotope approach based on the
determination of 8"°N and 80 values of nitrate has improved the ability to identify sources of nitrate in
aquatic systems. Comparison of 8°N and 50 values from Bow River water samples in the context of
stable isotope values of potential sources allows estimation of the percent contribution of each source
given enough differentiation in the source stable isotope values. Research in Western Canada and
elsewhere has revealed that nitrate derived from manure is usually characterized by °N values between
+8 and +23 %o (Fig. 5C, Loo et al., 2017; McCallum et al., 2008; Wassenaar, 1995), while effluent from
WWTPs with advanced nitrogen removal technologies usually also have elevated §°N values of nitrate
ranging between +8 to >+16 %0 (Mayer and Wassenaar, 2012). Nitrate from these sources, however, is
isotopically distinct from nitrate in atmospheric deposition with 8N values ranging from -5 to +6 %o

(Proemse et al., 2013), nitrate in synthetic fertilizers with 8°N values of 0 + 2 %o (Vitoria et al., 2004), and



nitrate generated via nitrification of organic soil-N, and urea and ammonium-based synthetic fertilizers
yielding 8%°N values between -10 and +5 %o (Kendall, 1998; Kendall et al., 2007). Usually, the latter three
sources cannot be differentiated by nitrogen isotope analyses alone because of their overlapping ranges
of 8N values. However, they do sufficiently differ in §¥0 values in western sources (nitrate in
atmospheric deposition: 50 to 90 %o, Proemse et al., 2013; nitrate-containing synthetic fertilizers: 22 +
3 %o, Vitoria et al., 2004; Wassenaar, 1995; nitrate from soil denitrification: -10 to10 %., Mayer et al.,
2001; Mayer and Wassenaar, 2012). Nitrate 8'80 cannot be used to decipher soil nitrification processes
from nitrate in manure and wastewater effluents since they have similarly low 680 values (Mayer and
Wassenaar, 2012; Rock and Mayer, 2004). Hence, the combined determination of 3°N and 820 values of
dissolved nitrate provides a tool for distinguishing between four major nitrate sources: (1) atmospheric
nitrate deposition, (2) nitrate-containing synthetic fertilizers, (3) nitrate derived from nitrification e.g. in
soils, and (4) nitrate in manure and waste water effluents (see Fig. 5C). Based on nitrate stable isotope
values from Bow River water samples collected from upstream, within, and downstream of the City of
Calgary, the role of atmospheric deposition and fertilizer as potential sources can be discarded (Fig. 5C).
8N values of the water samples illustrates some spatial variability where upstream values seem to have
lower values more indicative of soil nitrification, downstream samples have the highest values leaning
towards WWTP or manure sources that cannot be distinguished, and City of Calgary samples fall in
between.

Using the isotopic composition of nitrate, it is, in most cases, not possible to distinguish nitrate from
WWTP effluent from manure-derived nitrate due to their similar ranges of 3*°N and 580 values (see Fig.
5C). To distinguish nutrients from these two sources, boron isotope ratios have proven to be a useful co-
tracer (Kruk, 2017). In Western Canada and elsewhere, synthetic fertilizers and WWTP effluents have
overlapping 8B values ranging from -5 to +10 %o (Kruk, 2017; Tirez et al., 2010; Vengosh et al., 1994),

while manure-derived boron in Alberta has been found to have distinctly elevated 8B values ranging



between +23 and +28 %o (Kruk, 2017), consistent with boron isotope ratios for cow manure reported
elsewhere (Komor, 1997; Widory et al., 2004). Therefore, plotting 8!'B versus 8N values of nitrate is a
promising approach to distinguish nitrate from WWTP effluent from manure-derived nitrate and to reveal
to what extent nutrient exports through agricultural return-flows contribute to riverine nutrient fluxes.
Boron stable isotope values from Bow River water samples collected from upstream, within, and
downstream of the City of Calgary indicate that the samples from within the city are more reflective of
WWTP effluent as opposed to manure. On the other hand, most downstream samples were characterized
by values between those of WWTP effluent and manure. This indicates that WWTP effluent still plays a
role downstream of Calgary, but that manure inputs do also become a factor downstream of Calgary.

The approximate percent that each source (soil nitrification, WWTP effluent, and agriculture
(manure)) contributes to samples from upstream, within, and downstream of the City of Calgary was
estimated based on a nitrate mixing model by Chao et al (in prep.) and the boron stable isotope biplot
(Fig. 5B). Results showed that nutrients in upstream samples were predominantly characterized by soil
nitrification and less than 1% was from municipal WWTP effluent. Samples within the City of Calgary, on
the other hand, reflected approximately 50% soil nitrification sources, and 50% municipal WWTP effluent
sources. Downstream of the City of Calgary, the signal from the municipal WWTPs remained an important
source (~84 to 92%), and agriculture contributed the remaining nutrients via manure.
SPATIAL VARIABILITY IN RIPARIAN COMMUNITY

An assessment of riparian woodland abundance and coarse composition was conducted using Google
Earth satellite imagery (Fig. 6). The riparian woodland community primarily comprised coniferous species
in the headwater region. A mixed community of coniferous and deciduous species characterizes the reach
from approximately Canmore to Cochrane. And from Cochrane to the confluence with the Oldman River
the riparian woodland community is predominately deciduous. The observed shifts in coarse woodland

community composition are consistent with expected patterns for a river flowing from the mountains to



the prairies. As well, the riparian woodland community composition is consistent with the major natural
regions (Alberta Parks, 2015), which is reflective of larger landscape characteristics rather than being
driven strictly by river characteristics.

The riparian woodland abundance index reflects spatial variation along the Bow that likely reflects a
combination of natural and anthropogenic characteristics, and can be interpreted as four main reach
segments. In the headwater region, from Bow Lake to the Kananaskis Dam, the river is relatively unaltered
by anthropogenic activity, and riparian woodland abundances are high (~3.8 on average). Two below
average anomalies in this reach occur where the river runs through Hector Lake (lakes and reservoirs were
not included in this analysis) and the Town of Banff where alteration was slightly higher. A previous, finer
scale, riparian assessment was generally consistent with our findings, reported significant vegetative
cover by preferred tree and shrub communities, and one site near Banff that was an exception to the
overall rating of “healthy” because of high site use (Alberta Environment, 2007).

In the next reach between Kananaskis Dam and the inflow of Highwood River, areas immediately
before the dams were not assessed because the channel is artificially widened, and is represented in Fig.
6 as an index value of zero. Even with these areas excluded, the average index value is lower than the
headwater reach (2.1) and contained increased development and human land use (e.g. dams, reservoirs,
livestock grazing, population centres, acreage development, urban development, farmland, gravel pits,
golf courses, WWTPs and industrial parks, Alberta Environment, 2007). The previous assessment
categorized this reach as “healthy with problems” and noted increasing occurrences of invasive or
disturbance species (Alberta Environment, 2007). The report also indicated abundant tree and shrub
coverage in the upper section of this reach but coverage declined to approximately 25-30% each toward
the downstream end of the reach. Particularly in the downstream part of this reach, dewatering from
water withdrawals and alterations of peak flows and timing were considered to have some impact on

riparian health (Alberta Environment, 2007).
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From the inflow of Highwood River to Bassano Dam, riparian woodland abundance increased to index
values similar to the pristine headwater reach (3.7). Despite the higher riparian woodland abundances
which we observed, the previous report categorizes this reach as “healthy with problems” (Alberta
Environment, 2007). Although high coverage by shrubs was reported, a high proportion of grazing
resistant species was observed, and only 17% tree cover. The report, however, does note excellent
regeneration of cottonwoods and preferred trees and shrubs, and also the largest and densest balsam
poplar stand on the river (Alberta Environment, 2007). Land use in this reach is dominated by grazing. The
improved riparian community in this reach has been attributed to the return to natural flow regime from
the inflow of the Highwood River, which is unregulated (Alberta Environment, 2007; Rood et al., 1999).

The river reach between Bassano Dam and the confluence with the Oldman River, is characterized by
the lowest riparian woodland abundances of the entire river (0.4), consistent with the previous report
which reported negligible tree communities (<1% cover, Alberta Environment, 2007). Land use in the
reach is dominated by grazing, however, this was thought to have negligible impact on the riparian
community. Rather, the highly altered flow regime from upstream dams and dewatering from water
withdrawals was thought to contribute significantly to the poorer riparian community condition (Alberta
Environment, 2007). Flows are the most diminished in this reach relative to the natural flow (>25%
withdrawn) as a result of the upstream alterations and withdrawals, but also, importantly, the largest
agricultural withdrawal, which occurs at the Bassano Dam (EID). However, while these alterations likely
contribute to the poorer riparian community, we suggest that this region is also naturally impoverished.
At Bassano Dam, the major natural region switches to dry mixedgrass (Fig. 6) which is the driest subregion
in Alberta (Alberta Parks, 2015). This switch marks a large scale regional shift in condition rather than a
river-specific shift.

ANNUAL VARIATION: AQUATIC VEGETATION BIOMASS, ANNUAL MAXIMUM FLOWS AND DIEL DO FLUCTUATIONS

Potential eutrophication of the Bow River as a result of effluent inputs from wastewater treatment
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plants in the City of Calgary have been a concern for a number of decades (Culp et al., 1992; Sosiak, 2003;
Taube et al., 2016). Anthropogenic nutrient inputs to the Bow River have been associated with increased
productivity in the system resulting in increased macrophyte and algal production with negative impacts
on boat traffic and recreational activities (Chambers et al., 1991). Increases in aquatic primary productivity
are often associated with high photosynthesis during the day and high respiration at night, resulting in
larger diel fluctuations of dissolved oxygen (DO, Wassenaar et al., 2010). The nutrient input to the Bow
River has been suggested to have both beneficial and deleterious impacts on fish biomass (Askey et al.,
2007). Specifically, Askey et al., (2007) suggested that rainbow trout and brown trout biomass increased
as a direct response to increased productivity in the system. Conversely, productivity-driven changes to
habitat structure or lowered DO were suggested as some of the reasons that may have contributed to the
observed decline in mountain whitefish biomass (Askey et al., 2007).

Macrophyte and epilithic algae biomass assessments have been conducted by the Alberta
government on the Bow River in most years since 1981 and has been the focus of previous studies (Sosiak,
2003; Taube et al., 2016). Authors have demonstrated declines in macrophyte and algae production
following upgrades to the City of Calgary WWTPs that resulted in decreased phosphorus entering the river
in 1982, and decreased nitrogen between 1990 and 1996 (Sosiak, 2003; Taube et al., 2016). Specifically,
Taube et al.,, (2016) determined that macrophyte biomass responded to reductions in phosphorus,
whereas epilithic algae responded more to the nitrogen upgrades. Authors have also noted the role that
flow plays on limiting aquatic vegetation (Chambers et al., 1991; Sosiak, 2003; Taube et al., 2016). Most
recently, Taube et al., (2016) illustrated that annual maximum flows exceeding 400 m3/s typically scour
macrophyte beds, and consequent macrophyte abundances measured in September of the same year are
low. Whereas high flows associated with spring freshet have an impact on end of season macrophyte
biomass, algae biomass was not influenced by the annual maximum flow (Taube et al., 2016) presumably

owing to the quicker regeneration of epilithic algae. Rather, Taube et al., (2016) found that scouring flows

12



for algae were linked to daily discharge greater than 120 m3/s.

Figure 7 presents an updated time series of aquatic vegetation biomass that includes the 2013 flood
event, in the context of maximum discharge and the magnitude of diel fluctuation in DO in the river in
September obtained from City of Calgary in-river sondes that measure diel fluctuation. Consistent with
relationships identified by Taube et al., (2016), macrophyte biomass tends to be low in years with high
flow, and higher in years with low flow. The extreme flood event in 2013 supports this relationship, and
even the year following saw no macrophyte growth during river surveys. The diel DO fluctuations show
variability among years but tend to hover around a common mean of ~10mg/L, and show no association
with macrophyte biomass (linear regression p>0.05). On the other hand, a simple linear regression looking
at the diel DO fluctuations vs. algae biomass did produce a significant relationship (Fig. 7B; r?=0.56,
p=0.02).

SEASONAL VARIATION: AQUATIC VEGETATION BIOMASS, ANNUAL MAXIMUM FLOWS AND DIEL DO FLUCTUATIONS

Figure 8 illustrates both seasonal and spatial variation in discharge, macrophyte and epilithic algae
biomass and diel DO fluctuations observed in the City of Calgary. The Upstream and Downstream panels
reflects measurements upstream and downstream of the wastewater treatment plants in Calgary,
respectively. The only exception is that discharge in the downstream panel is from the Calgary gauging
station. Most notably in the spatial comparison is the very low diel DO fluctuations in the upstream
measurements compared to the seasonal patterns observed downstream. The means do not seem to
differ drastically, whereas the diel fluctuation is considerably larger downstream. The large fluctuation at
the downstream site is likely reflective of photosynthesis and respiration activity in the river (Wassenaar
et al., 2010). In fact, in the years with higher fluctuation, the algae biomass is also higher and tends to
increase towards the end of the season. As such, the relationship between annual algae biomass and diel
DO fluctuations (Fig. 7B) is also supported in the seasonal patterns in the three years presented here. Low

fluctuation in the upstream diel DO measurement may be a reflection of lower instream photosynthesis
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and respiration activity, or the impact of mixed water released from Bearspaw Dam immediately upstream
of the location where DO is measured, or a combination of the two.
SPATIAL VARIATION IN FISH SPECIES DISTRIBUTION AND SPORT FISH BIOMASS

The spatial distribution of fish species was assessed along the Bow River in relation to a number of
physicochemical variables such as mean July water temperature, slope, phosphorus and nitrate-nitrite
concentrations, turbidity and channel width (Mee et al., 2016). Mean July water temperature was the
most common predictor variable describing species distribution along the Bow River. In general, the
number of fish species present increased with distance from headwaters, consistent with a species
addition pattern of species distribution (Rahel and Hubert, 1991). Authors noted two areas along the Bow
River where species composition showed low similarity with adjacent segments of the river, based on the
mean Czekanowski coefficient (Fig. 9), marking areas of high community change. These high turnover
zones occurred at approximately 260 and 445 km downstream of headwaters on the Bow River, and
where mean July water temperatures were approximately 15 and 19 °C, respectively. These high turnover
zones, and the temperatures that characterized them were remarkably consistent across the three main
stem rivers of the South Saskatchewan River Basin that originate in the Rocky Mountains — Red Deer River,
Bow River and Oldman River (Mee et al., 2016).

The role of water temperature in determining current fish species distribution in the SSRB has
important implications for species distributions in response to climate change. The findings by Mee et al.,
(2016) may also provide a new perspective with which to consider the spatial patterns in sport fish
biomass in and downstream of the City of Calgary observed in 2000 (Askey et al., 2007).

Given the anthropogenic nutrient inputs to the Bow River in the City of Calgary via WWTP effluent,
and the known role of nutrient inputs on biotic productivity, spatial pattern of biomass of mountain
whitefish, rainbow trout and brown trout, three dominant sport fish in the region, were assessed over a

177 km section of the Bow River starting at Bearspaw Dam (Askey et al., 2007). As would be expected in
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association with a nutrient input, authors observed a drastic increase in rainbow trout biomass (25x) and
a smaller but still notable increase in brown trout (5x). However, rather than observing the expected
overall increase in sport fish biomass, the increases observed in rainbow trout and brown trout were
overshadowed by a remarkable decrease in mountain whitefish. The increase in rainbow trout and brown
trout was attributed to nutrient inputs as expected, however the decrease in mountain whitefish was
unexpected and several potential factors were suggested as drivers for this change. Authors suggested
that changes to habitat structure as a result of the increased macrophyte abundance immediately below
the wastewater treatment plants may have altered predator prey interaction with a disproportionate
negative impact on mountain whitefish that tend to be more efficient at foraging for invertebrates
amongst rocky substrate (Scott and Crossman, 1973). Authors also suggested that the decline in mountain
whitefish may be the result of predation by adult trout on young mountain whitefish, that mountain
whitefish may be more susceptible to ammonia toxicity, or be more hampered by the Carseland weir.
Based on limits to empirical data, these potential hypotheses could not be tested or refuted. The first of
the two high species turnover zones identified along the Bow River by Mee et al., (2016), however,
occurred within the City of Calgary, immediately upstream of the Bonnybrook WWTP. As such, the large
shifts in sport fish biomass by Askey et al., (2007), but mountain whitefish in particular may be related to
water temperature and a change in fish community structure.
IMPACT OF TEMPORAL VARIABILITY IN DISCHARGE, TEMPERATURE AND PREY ABUNDANCE ON FISH PRODUCTION POTENTIAL:
A CASE STUDY AT JUMPINGPOUND CREEK

Models that simulate physical habitat (e.g. PHABSIM) combine hydraulic stream models with
information on species-habitat relationships, and have been a common tool for understanding
longitudinal patterns in riverine habitat quality for a number of decades (e.g., Laliberte et al., 2014;
Rosenfeld et al., 2007). These models predict the amount of quality habitat that exists in a river reach for

a given species and/or life stage at different discharge levels based on longitudinal variations in physical
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characteristics (e.g. depth, velocity, wetted width) and habitat suitability indices (Ahmadi-Nedushan et
al., 2006). The model outcome is weighted usable area (WUA), which reflects the predicted area of
suitable habitat that exists for a given species or life stage within the study reach. In response to critiques
that these habitat models rarely accurately predict abundance, and that habitat selection and fitness
associations are a rarely supported, bioenergetics models were developed based on mechanistic
relationships and consider the energetic costs and benefits of habitat use (Rosenfeld, 2003). Bioenergetics
models combine hydraulic models with invertebrate drift models into a single foraging energetics model
that also includes information on fish size, water temperature, height of focal point, and probability of
prey detection (Hayes et al., 2007; Laliberte et al., 2016). The model produces an estimate of net rate of
energy intake (NREI, Js!). Production potential (PP) reflects the NREI per 100 m of stream length.

A comparison of weekly mean production potential estimates from a ~500 m reach of a fourth order
tributary of the Bow River (Nicoll Ranch reach of Jumpingpound Creek, 51°5’24”N, 114°33’'77"W),
illustrates variability in the impact that seasonal changes to discharge, temperature and prey densities
can have on different life stages of rainbow trout (Laliberte, 2012). Weekly mean of stream discharge
measured at the Jumpingpound gauging station (05BH015) in 2008 reflected high discharge due to the
spring melt between approximately May 19 and Jun 15 (Fig. 11A). The water temperature profile reflects
peak temperatures in July and August. Invertebrate drift densities were highest immediately following the
spring freshet and again later in the season in August and early September (Fig. 11B). The resulting
modelled production potentials at Nicoll Ranch reach illustrated seasonal variability as well as variability
among life stage (Fig. 11C). Production potential was modelled to be highest prior to the spring freshet.
This is likely related to the reduced energetic costs associated with swimming because of low discharge
and low water temperatures. Production potential values are generally low during the remainder of the
season with a small increase during the period immediately following the spring freshet. This small peak

likely occurs because of low discharge and because the peak in prey availability is likely large enough to
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offset increased metabolic costs associated with temperature. Following week 30, although discharge is
low, and prey availability is high, the metabolic costs associated with prolonged high water temperatures
is likely unsuitable for high net energy intakes. Compared to seasonal variation, the differences among life
stages is relatively small. However, in general, young-of-the-year and juvenile RNTR were found to have
slightly higher production potentials throughout most of the season. Adults, on the other hand, likely do
not have enough prey to support their greater metabolic requirements. This model based on a real habitat
and prey data, illustrates how natural variability in discharge, temperature and prey productivity can
impact the fish productivity, with impacts varying with species and life stage requirements. Further, the
relationships described here can be applied to predict how fish are likely to respond to anthropogenically
driven variations such as flow regulation, climate change or nutrient inputs.
IMPACTS OF VARIABILITY IN WATER QUANTITY, TIMING AND QUALITY ON ECOLOGICAL PROCESSES

The spatial and temporal variation in water quantity, timing and quality in the Bow River contributes
to a complex ecological system. Interactions between physical, hydrological and nutrient characteristics
of the Bow River reflect the importance of the interplay between natural and anthropogenic drivers. The
case studies illustrate how spatial or temporal variation in these characteristics impact ecological
processes within the river. Taken together these case studies provide insight into how natural and
anthropogenic effects structure river function. This is key to evaluating the river’s ability to withstand

ongoing anthropogenic change and natural stochastic events.
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Figures

Figure 1. Map of Bow River watershed.
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Figure 2. Physical properties of the Bow River from the headwaters at Bow Lake to the confluence with
the Oldman River, including elevation (grey line graph), channel width (dark grey bar chart), and sinuosity
(horizontal black lines). Major natural regions, and channel type are depicted. Major tributaries,
extractions, municipalities, and barriers are illustrated at the top of the figure using the same distance
from headwater scale. The orange dots indicate municipalities and reserves except for the City of Calgary,
which is represented by the dark grey rectangle. The vertical black bars indicate dams or weirs on the
river. The blue arrows indicate main tributaries feeding the Bow River, and the green arrows indicate
water withdrawals by Cochrane, the City of Calgary and the irrigation districts. The tributaries and
extractions are scaled to represent their approximate annual discharge or withdrawal rate, respectively.

Figure 3. Measured (grey dots) and modelled (black line) water temperature along the Bow River. Water
temperatures are measurements from July from water monitoring stations operated by provincial, federal
and civic agencies along the mainstem of the Bow River from 1962 to 2001. These data were compiled by
University of Calgary researchers for the Canadian Water Network into the NCE water quality database.
Key features of the Bow River are illustrated above using the same distance from headwater scale. The
orange dots indicate municipalities and reserves except for the City of Calgary, which is represented by
the dark grey rectangle. The vertical black bars indicate dams or weirs on the river.
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Figure 4. Variability of Bow River hydrology illustrated spatially (Panel A) and temporally (Panels B and C).
Panel A shows mean May to October discharge from Lake Louise to near the mouth of the Bow River
averaged from early years (1911-1920; dashed line) and from recent years (2001-2010, solid line). Key
features of the Bow River are illustrated above using the same distance from headwater scale. The orange
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dots indicate municipalities and reserves except for the City of Calgary which is represented by the dark
grey rectangle. The vertical black bars indicate dams or weirs on the river. The blue arrows indicate main
tributaries feeding the Bow River, and the green arrows indicate water withdrawals by the City of Calgary
and the irrigation districts. Panel B shows mean annual discharge measured in Banff between 1910 and
2012. The grey line indicates a significant trend (Mean Annual Discharge = 115.86-(0.04*year); r>=0.05,
p<0.05). Panel C shows mean monthly discharge for both Banff and Calgary from the early years (1911-
1920; dashed line) and recent years (2001-2010; solid line).
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Figure 5. (A) Spatial variability of nitrate and boron flux (concentration x flow) along the Bow. Wastewater
treatment plants (WWTPs) are illustrated on the line above using the same scale as the headwater
distance scale. The darker grey rectangle along the WWTP line indicates the extent of the City of Calgary.
The dashed horizontal lines also present the City of Calgary expanse. (B) Pie charts illustrating the
approximated sources of nutrients in the Bow River upstream, within, and downstream of Calgary. (C) Bi-
plots depicting stable isotope space of 5180 vs 3*°N (left) and !B vs 8N (right). The points indicate Bow
River water samples with colours indicating the location of the sample. The boxes indicate stable isotope
values of the various sources in the Bow River (atmospheric deposition, fertilizer, manure, WWTP, and
soil nitrification.
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Figure 6. Estimated riparian abundance index along the Bow River from headwaters to the confluence
with the Oldman River. The riparian abundance index reflects a visual estimate of density and extent of
the riparian forest as observed on Google Earth (O=negligible, 1=very sparse, 2=thin, 3=moderate,
4=dense, 5=very dense and extensive). Dark grey represents a coniferous forest, mid-grey indicates a
mixed forest, and light grey indicates a deciduous forest. Key features (municipalities — orange dots, City
of Calgary — grey bar, blue arrows — tributaries, green arrows — extractions, vertical black bars —
dams/weirs) are illustrated at the top. Major natural regions and channel type are also depicted.
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Figure 7A. Annual maximum daily mean discharge measured at the Bow at Calgary gauging station
(0O5BH004; grey bars), mean annual epilithic algae biomass (black points), and mean September
macrophyte biomass (green points) in all available years between 1980 and 2016. Dashed and solid lines
connect consecutive years of data for algae and macrophyte biomass, respectively. Both algae and
macrophyte biomass were measured at sites in the downstream end of Calgary. Since algae sampling at
Stiers Ranch stopped after 2010, data from samples measured at a site near Carseland Dam are also shown
(grey dots). The horizontal dotted grey line indicates the 400 m3/s discharge level which was suggested by
Taube et al (2016) as the threshold above which scouring flows for macrophytes occur. Vertical blue lines
indicate upper and lower standard deviation of September DO measured continuously at sites in the
downstream end of the City of Calgary.

Figure 7B. September diel dissolved oxygen fluctuation (represented by 2SD) vs. mean annual algae
biomass.
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Fig. 8. Seasonal dissolved oxygen measured continuously at sites located upstream (M1) and downstream
(M8) of the three WWTP outflows in the City of Calgary (blue line). Seasonal discharge (grey line)
measured at Bearspaw (upstream: 05BH008) and Calgary (downstream: 05BH004) gauging stations.
Green points indicate mean September macrophyte biomass sampled along both banks at M1 (upstream)
and M8 (downstream). Black points indicate monthly epiphytic algae biomass measured at M8
(downstream). The Upstream algae biomass data was taken from a site at Cochrane because it was the
closest available upstream data.
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Fig 9. Probability of presence of bull trout (BLTR), cutthroat trout (CTTR), mountain whitefish (MNWH),
rainbow trout (RNTR), brown trout (BNTR) and walleye (WALL) along the Bow River from headwaters at
Bow Lake to the confluence with the Oldman River, based on logistic regression models based on
presence-absence data (Mee et al., 2016). Darker greys indicate higher probability of presence. Total
number of species reflect the number of species with predicted probability >0.5 (Robins, 2009). Key
features at the top of the figure illustrate locations of population centres (orange dots, City of Calgary is
shaded grey bar), WWTP outflows (red diamonds), and dams and weirs (black vertical bars). Mean July
water temperature (1961-2001) increases along the Bow River from ~10°C at the headwaters at Bow Lake,
to ~20°C at the confluence with Oldman River. The nitrate-nitrite bar indicates variation along the Bow
River from 0.03 in grey to 0.8 mg/L in red. The mean Czekanowski coefficient was calculated in a 50-km
sliding window estimated every 5 km along the Bow River where low values indicates areas of high species
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turnover and high values indicates high similarity in fish species composition (Mee et al., 2016). The
vertical dashed lines mark the two points along the Bow River where the highest species turnover occurs
—at15.1°Cand 18.9°C.

Fig 10. Loess tricube weight functions of biomass (kg/km) of mountain whitefish (grey), rainbow trout
(blue) and brown trout (orange) caught in 2001 in the Bow River over a 177 km section (Askey et al., 2007).
The vertical dashed line indicates the location of high species turnover estimated by the mean
Czekanowski coeffient at 15.1°C (Fig XA, Mee et al., 2016). Key features are illustrated along the top of
the figure indicating the City of Calgary (grey shading), dams and weirs (black vertical bars; Bearspaw dam,
Calgary weir (which was still in place at the time of sampling) and Carseland weir), WWTPs (red diamond;
only Bonnybrook and Fish Creek WWTPs were in existence at the time of sampling). Mean July water
temperatures (1961-2001) and dissolved nitrate-nitrite data (1962-2001) presented here were obtained
from the NCE Water Quality Database compiled by University of Calgary researchers for the Canadian
Water Network from data available from provincial, civic and federal agencies (Mee et al., 2016). For the
nitrate-nitrite (mg/L) data, grey indicates lower concentrations and dark red indicates higher
concentrations.
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Figure 11. (A) Mean weekly stream discharge (m3/s, solid line) measured at the stream gauging station
05BH015. Mean weekly temperature (°C, dashed line) for Nicoll Ranch reach, Jumpingpound Creek,
Alberta were based on in-stream measurements for weeks 26-41. Temperatures from weeks 19-25 were
predicted based on a 3-parameter Gaussian function (Laliberte, 2012). (B) Mean weekly drift density of
invertebrates in 0-2 mm (solid line) and 2-4 mm (dashed line) size classes. (C) Weekly production potential
estimates (sum of positive NREI values) for YOY (dashed, black), juvenile (solid, grey) and adult (solid,
black) rainbow trout.
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