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Abstract. Northern landscapes are enduring ongoing im-
pacts of anthropogenic land use and climate change. Rivers
are valuable indicators of this change reflected by the tim-
ing and amount of water and terrestrial material they mo-
bilize. Assessing the influence of a changing climate on di-
verse river systems is best achieved using multi-annual mon-
itoring and replication of effort across varied tributary catch-
ment conditions. We used this approach to monitor concen-
trations, catchment yields, and export of total suspended sed-
iments (TSS) and dissolved organic carbon (DOC) of a large,
diverse, glacial river network (North Saskatchewan River;
NSR) in western Canada during years of extensive weather
fluctuations. Though concentrations of TSS and DOC in-
creased eastward through the NSR basin from Rocky Moun-
tain cordillera to agriculturalized plains, catchment yields
were statistically highest from cordillera regions, reflecting
an eastward rain shadow. Wet conditions across the basin
resulted in variable but statistically higher TSS and DOC
yields compared to drought conditions. During wetter years,

we observed disordered, threshold-type, erosive mobilization
of TSS through the basin whereas DOC increased more pre-
dictably with runoff. Variability of yields and export was sub-
stantial both within and between pristine and impacted catch-
ments, and within the NSR mainstem illustrating the com-
plexity of river sediment and DOC transport at the network
scale. Consequently, in a warming and wetting climate, we
expect TSS and DOC transport to intensify with sediment
transport being more difficult to predict compared to DOC,
which has implications for aquatic ecosystems and > 1.5M
people who depend on the NSR for drinking water.

1 Introduction

Northern latitudes have reported considerable human-driven
climate and landscape changes post industrial revolution. Air
temperatures have increased there at twice the global rate
since the 1980s (Gulev et al., 2021) and extreme heat events
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have become more frequent (Simpkins, 2017; La Sorte et al.,
2021; Vogel et al., 2019). Severe meteorological events in the
form of high intensity rainfalls and droughts are also becom-
ing more common (Walsh et al., 2020). Consequently, north-
ern regions are losing glacial ice and snow cover (Marzeion
et al., 2014; Mudryk et al., 2020), experiencing acute high
and low water events (Pomeroy et al., 2016; Yin et al., 2018),
and enduring more frequent and devastating wildfires (Hanes
et al., 2019). The effect of these climate-driven shifts on re-
gional hydrology and subsequent interaction with human-
impacted landscapes (Brandt et al., 2013; Hirsh-Pearson et
al., 2022) has resulted in marked changes in the transport of
terrestrial material from landscapes to fluvial systems (Lu et
al., 2013).

Changes in export of material by rivers is a key metric to
identify and assess landscape response(s) to changes in cli-
mate and anthropogenic activities (Allan, 2004). This under-
standing is driven by the strong coupling between hydrom-
eteorological conditions and the ability of rivers to mobi-
lize landscape material, as modified by its availability. No-
tably, total suspended sediment (TSS) and dissolved organic
carbon (DOC) are ubiquitous, landscape-derived materials
found in rivers that are mobilized during runoff events and
are sourced from erosion and flushing of upland soils, wet-
lands, riparian areas, and channel stores. Sediment transport
typically increases in rivers as runoff and erosion regimes be-
come more energetic in warming and wetting climates, par-
ticularly where sediment availability is increased as a result
of anthropogenic activities or changes in vegetation cover
(Whitehead et al., 2009). Flushing of agricultural soils and
urban areas is known to drive nutrient, DOC, and contami-
nant delivery downstream (Giri and Qiu, 2016; St-Hilaire et
al., 2016). At the other extreme, heat and drought can induce
runoff shortages and low river flows that produce sediment-
and organic-poor waters dominated by groundwater inputs
(Mosley, 2015). Similarly, runoff through intact landscapes
and wetlands can result in efficient soil and biological wa-
ter storage and promotion of physical and biogeochemical
removal of nutrients, DOC, and contaminants (Knox et al.,
2008; Neary et al., 2009). However, hydrometeorological
conditions and the mobilization of landscape material can
vary significantly across temporal and spatial scales mak-
ing it challenging to use rivers as indicators of change, es-
pecially where monitoring data may be sparse or unrepre-
sentative (Orwin et al., 2010; Shi et al., 2017).

Long-term environmental monitoring programs are key
tools for investigating the impacts of multiple stressors on
fluvial systems (Lovett et al., 2007) and can address deficits
common in shorter-term studies. For example, understand-
ing climate impacts on rivers requires consistent monitor-
ing to account for sometimes considerable inter- and intra-
annual variability in hydrometeorological conditions. Differ-
ent landscapes have varied and often complex influences on
river water quality (Maloney and Weller, 2011), thus mon-
itoring programs with sampling and replication of diverse
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conditions is beneficial (Lintern et al., 2018a). Further, using
a nested river network monitoring design provides a means
to differentiate contributions of landscape material (via trib-
utary catchments) from in-river sources (i.e., banks, chan-
nels) of major rivers downstream (Chalov and Ivanov, 2023).
Monitoring programs that include these features are rare but
present an opportunity to better understand how climate vari-
ability and change across diverse landscapes can impact ma-
jor rivers and water users; a key gap in our understanding of
river water quality (van Vliet et al., 2023).

Here, we concurrently assess how widely varying hy-
drometeorological and landscape conditions of a diverse and
changing northern river basin impact the downstream deliv-
ery of key water quality, aquatic ecosystem health, and drink-
ing water treatment parameters (i.e., TSS, DOC). The North
Saskatchewan River (NSR) in western Canada is sourced
from the glaciated Canadian Rocky Mountains and transects
mountain bedrock, forest, agricultural, and urbanized land-
scapes. In addition to ongoing changes in summer flows
and sediment yields experienced by Rocky Mountain rivers
(Goode et al., 2012; Rood et al., 2008), the NSR basin has
recently (i.e., 2019-2022) endured hydrometeorological ex-
tremes, ranging from high runoff years to historic heat and
drought conditions. These wide-ranging conditions may be-
come more common in the future and thus provide a window
to better understand the response of northern rivers to climate
extremes. We used water quality and quantity data from a
nested monitoring program for this study. The WaterSHED
(Water: Saskatchewan Headwaters Edmonton Downstream)
Monitoring Program is a collaborative tributary catchment
monitoring network across the NSR basin initiated in 2019
by a drinking water treatment utility, local governments, and
a non-government organization (Emmerton et al., 2023). The
program was designed to balance monitoring across differ-
ent catchment landscape conditions within the NSR basin. In
addition, long-term water quality and flow monitoring data
were used from stations on the downstream NSR mainstem,
operated by the governments of Alberta and Canada. We had
two goals of this study: (1) to distinguish the impacts of in-
terannual hydrometeorological variability from changes in
landscape conditions on catchment yields of TSS and DOC;
and (2) to determine the relative roles of catchment and in-
channel contributions of a major river (i.e., NSR) on interan-
nual export of TSS and DOC from the basin. We hypoth-
esized that TSS (i.e., particulates) and DOC (i.e., organic
material) yields would show similar interannual responses to
changes in hydrometeorology across the network, but differ-
ences between landscape types. We also hypothesized that
the degree of influence of in-channel sources and sinks of
TSS and DOC relative to catchment inputs would change be-
tween wetter and drier years.
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Figure 1. The upper North Saskatchewan River (NSR) basin in Alberta, Canada showing tributary catchment and NSR mainstem water
quality and flow stations. Catchment structural units (CSU; see Sect. 2.2.1) showing general landscape cover and land use across the basin
is shown. Landscape conditions of monitored catchments are classified using hierarchical clustering analysis (lower inset; see Sect. 2.3.1).
Greyed catchment names contributed to the landscape clustering analysis but were not included in this study due to insufficient flow data. Of
note, though NSR Whirlpool Point is on the NSR mainstem, it is viewed in this study as a cordillera tributary as the river’s origin is part of
this catchment. Additional data from Shaded Relief (http://www.shadedrelief.com/world_relief/home.html, last access: 10 August 2023).

2 Methods
2.1 Setting

The upper NSR basin in Alberta, Canada is a large, di-
verse, continental basin draining ~ 40000km? of headwa-
ter landscapes and high prairie (Fig. 1). The NSR origi-
nates at the Saskatchewan Glacier in Banff National Park
in the Rockies. As the river travels east, it passes through
cordillera, forested foothills, mixed forests, agriculturalized
plains, and an urban centre (Edmonton; population: 1.5 M;
Statistics Canada, 2023) that sources drinking water from
the NSR. Regulated mean annual discharge of the NSR at
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Edmonton is ~ 140 to 295 m> s~!. Surficial geology across
the basin progresses from exposed bedrock in the Rockies
to heterogeneous glacial tills in foothills and plains. This till
has been shaped by climate, topography, and biogeochem-
istry since deglaciation ca. 14000 years ago, resulting in
sparse and thin luvisols in cordillera and foothills regions to
thicker, organic- and nutrient-rich chernozemic soils through
mixedwood forests and plains. Precipitation is low across
the basin due to the Rocky Mountain rain shadow; ranging
from ~ 600 mm yr~! in the west basin to ~ 350 mm yr~! in
the east (Government of Alberta, 2024a). Water yields, ac-
cordingly, are highest in the western cordillera and foothills
regions relative to the lower-relief, easterly portions of the
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basin. The largest western tributaries of the NSR include the
Brazeau, Ram, and Clearwater rivers, while smaller creeks
and rivers in the central and eastern basin include the Stur-
geon and Redwater rivers (Fig. 1). Two reservoirs exist in
the west basin on the NSR (Abraham Lake-Bighorn Dam)
and the Brazeau River (Brazeau Reservoir-Brazeau Dam).

2.2 Data
2.2.1 Catchment structure

With a goal to classify different landscape types of monitored
catchments across NSR basin (Sect. 2.3), we used geospa-
tial data related to the catchment structural unit (CSU) ap-
proach (Orwin et al., 2022). CSUs are a series of unique
numerical identifiers derived from geospatial data of land
use/landcover, surficial geology, wetlands, and slope that
are known to play significant roles in how catchments re-
spond to hydrometeorological inputs (Orwin et al., 2022).
CSU codes are generated at a 400m? pixel scale across
the basin, to provide wall-to-wall coverage. For example, a
pixel code of 60 111 represents a dominant shrubland cover
(60 000), mixed coarse-fine surface geology (100), with wet-
lands present (10), and a slope less than 10 % (1). Further
data details are provided in the Supplement and Table Sla.

2.2.2 Hydrometeorology

Mean annual air temperature and total annual precipitation
data were retrieved from Canadian Climate Normal meteoro-
logical stations (1981-2010) across the NSR basin (Table 1;
Government of Canada, 2024). Mean annual air temperature
and total annual precipitation for the water years (1 Novem-
ber to 31 October) 2019 to 2022 were also collected from
the same stations. Mean annual river flow data were collected
from either long-term federal (Government of Canada, 2023)
or provincial (Government of Alberta, 2023) monitoring sta-
tions across the NSR basin (Table 1). Historic data were col-
lected between the water years of 1981 and 2010. Mean an-
nual flow from water years 2019 to 2022 were also collected
from the same stations.

2.2.3 Water quality

Tributary monitoring occurs at the mouths of 19 WaterSHED
catchments (Table 1, Fig. 1) and includes: (1) flow gaug-
ing that monitors water level and estimates river flow ev-
ery 15 min using rating curves; and (2) flow-targeted water
quality grab sampling (i.e., twice-monthly monitoring during
spring freshet; monthly thereafter) at 30 cm depth through-
out the open water season (March—October) at all sites and
monthly winter sampling (below-ice) at larger tributary sta-
tions. Water samples are collected and analyzed for gen-
eral chemistry, nutrients, trace metals, contaminants, and bi-
ological measures at each station (Emmerton et al., 2023).
Four mainstem stations of the NSR are monitored for water
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quality but are not necessarily co-located with flow stations.
Therefore, flow was estimated at water quality stations us-
ing records from the nearest flow station and local tributary
water yields applied to remaining ungauged catchment area
between stations (Table 1, Fig. 1; see Supplement). Sample
collection and laboratory analysis methods under this pro-
gram are the same as those under WaterSHED, though sam-
ple collections at NSR mainstem stations are at a monthly
frequency only.

Only TSS and DOC were used as water quality parame-
ters for numerical assessments, for reasons described in the
following section. TSS was measured using the gravimetric
approach (SM 23 2540Cm; Rice et al., 2017) with 2 um fil-
tration and a reported detection limit of 1 mg L~!. Colorime-
try via an infrared autoanalyzer (SM 22 5310Bm; Rice et al.,
2017) was used to determine DOC concentrations in water
samples at a detection limit of 0.5mgL~" after 0.45 um fil-
tration. All WaterSHED and NSR mainstem data are publicly
available (Government of Alberta, 2024b) and are assessed
for quality control and assurance (see Supplement; Laceby
etal., 2022).

2.3 Numerical assessments
2.3.1 Catchment structure

As the CSU codes are generated in a wall-to-wall coverage
across the NSR basin, numeric summaries and distribution
of CSU codes can be generated within catchment areas. We
used ArcGIS (v10.7.1) HydroTools and a 100 m interpolated
digital elevation model to delineate areas of each of the 19
WaterSHED catchments covering most of the NSR basin.
Individual CSU codes in each catchment were summed by
area to quantify a percent catchment coverage of each code.
To classify different landscape types across NSR basin, we
produced a matrix of CSU codes and areal percentages for
each WaterSHED catchment and entered it into a hierarchi-
cal cluster analysis using Euclidean distances and Ward’s ap-
proach (IBM SPSS v28). The number of clusters selected for
further assessments was chosen manually to balance repli-
cation of catchments within a reduced number of clusters.
These landscape types thus formed the basis for subsequent
statistical assessments to understand how riverine transport
of TSS and DOC were modulated by hydrometeorological
conditions across differing landscape conditions across the
basin.

2.3.2 Hydrometeorology

To contextualize recent conditions relative to those from the
past, we compared mean annual air temperatures and total
annual precipitation from a meteorological station during its
climate normal period (1981-2010) with mean air tempera-
ture and total precipitation from the 2019 to 2022 water years
at the same station. Similarly, we compared historic mean an-
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Table 1. Metrics of meteorological (Canadian Climate Normals; Government of Canada, 2024), water quality (WaterSHED Monitoring
Program, Long Term River Network; Emmerton et al., 2023), and flow (Government of Alberta, 2023; Government of Canada, 2023)
stations of the North Saskatchewan River (NSR) basin used in this study. Paired flow indicates flow monitoring occurs at same locations as
water quality sampling. Stations ordered upstream to downstream through the basin. Open-water (May to October; OW); M: semi-monthly;
C: continuous.

Meteorology

Station Latitude, Monitoring  Canadian Climate Study  Elevation
Longitude frequency Normal period  (ma.s.l.)

Nordegg RS 52.500, —116.050 C 1981-2010 2018-2022 1320.1

Entwistle 53.600, —114.983 C 19812010 2018-2022 780.3

Edmonton Stony Plain 53.548, —114.108 C 1981-2010 2018-2022 766.3

Edmonton International A 53.317, —113.583 C 1981-2010 2018-2022 723.3

Elk Island National Park 53.683, —112.868 C 19812010 2018-2022 716.2

Water Quality ‘ Flow
Station Latitude, Monitoring frequency =~ Catchment | Paired Monitoring
Longitude (# samples) Area (km?) | flow? frequency

NSR at Whirlpool Pt. 52.001, —116.471 M (54) 1920 | Yes C

NSR at Saunders Camp.  52.454, —115.759 M (47) 5,089 | No? C

Ram R. 52.368, —115.420 M (55) 1881 | Yes C

NSR u/s Clearwater R. 52.348, —114.982 M (45) 7715 | Nob C

Clearwater R. 52.253, —114.856 M (55) 3221 | Yes C

Baptiste R. 52.664, —115.076 M (53) 1358 | Yes C

Nordegg R. 52.820, —115.513 M (54) 865 | Yes C

Brazeau R. 52913, —115.364 M (51) 5658 | Yes C

Rose Ck. 53.052, —115.051 M-OW (52) 657 | Yes© C-OW

Modeste Ck. 53.248, —114.706  M-OW (40) 1,178 | Yes C-OW

Tomahawk Ck. 53.352, —114.660 M-OW (36) 190 | Yesd C-OW

Strawberry Ck. 53.311, —114.052 M-OW (51) 589 | Yes C-OW

NSR at Devon 53.369, —113.751 M (50) 26362 | No° C-OW

Whitemud Ck. 53.484, —113.555 M-OW (39) 1086 | Yes C-OW

Sturgeon R. 53.833, —113.283 M-OW (37) 3330 | Yes C-OW

Redwater R. 53.897, —113.000 M-OW (37) 1602 | Yes C-OW

NSR at Pakan Bridge 53.991, —112.476 M (51) 39333 | Yesf C

Notes: ® NSR at Saunders Camp. uses flow from upstream NSR at Bighorn Dam (05DC010) and uses water yield from Ram R. (05DC006) to
estimate additive flow from ungauged drainage areas; b NSR u/s Clearwater R. uses flow from downstream NSR near Rocky Mountain House
(05DCO001) and removes flow from Clearwater R. at Dovercourt (05DB006) and Prairie Ck. near Rocky Mountain House (05DB002); © Newly
installed paired station in 2019 without a long-term record. Long-term record available upstream at Rose Creek at Alder Flats (0SDE007);

d Newly installed paired station in 2019 without long-term record. Long-term record available upstream at Tomahawk Creek at Tomahawk
(05DE009); € NSR at Devon uses flow from downstream NSR at Edmonton (05DF001) and removes flow from Whitemud Ck. at Edmonton
(05DF009); f NSR at Pakan Bridge uses paired flow after 6 November 2020, otherwise uses flow from upstream NSR at Edmonton (0SDF009),
adds flow from Sturgeon R. (0SEA001), Redwater R. (0SEC005), and Waskatenau Ck. (0SEC002) and uses water yield from Redwater

R. (0SEC005) to estimate additive flow from ungauged drainage areas. Station information can be found from Water Survey of Canada
(Government of Canada, 2023) and Alberta River Basins (Government of Alberta, 2023).

nual flow at a given long-term flow monitoring station (1981 2.3.3 Concentrations, export, and catchment yields
to 2010) to mean annual flow from the water years 2019 to
2022 at the same station. Total annual flow for each water
year and each station was calculated by summing daily flows.
Total annual runoff yield (mm) was then calculated by divid-
ing the annual flows by gross catchment areas.

We chose 13 of the 19 catchment stations to include in
concentration, chemical export, and catchment yield assess-
ments since long-term flow data (and therefore reliable rating
curves) were not available yet at all catchments (Table 1).
Eleven of these 13 stations had paired long-term flow sta-
tion records, while two new stations were included in as-
sessments (Rose, Tomahawk) since they had long-term flow
records available at upstream stations. TSS and DOC were
selected as representative parameters for this study because
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previous work from Alberta river monitoring programs has
shown notable concentration associations between TSS and
several unfiltered trace metals (e.g., Al, Co, Cr, Cu, Fe, Pb,
V, Zn), while DOC concentrations showed patterns similar
to total and dissolved forms of nitrogen and phosphorus, and
dissolved trace contaminants (e.g., As, Fe, Hg, V; Emmerton
et al., 2023). Of note, DOC is the majority of total organic
carbon in these systems (Government of Alberta, 2024b).
Quantification of export (i.e., concentration x flow) in
rivers typically includes assessments of parameter concen-
trations from grab samples collected relatively infrequently
and higher frequency river flow monitoring. Over a period of
several years, grab samples from a given station are collected
across much of a river’s hydrological and biogeochemical
conditions (Fig. S1). Quantification of export (mass) from
rivers may be achieved using several different approaches.
We used the R package loadflex (Appling et al., 2015) to
estimate annual export at catchment and NSR mainstem
monitoring stations using four different export models. The
first model uses a rectangular interpolation approach that
connects consecutive concentration measurements using a
period-weighted average approach. Daily export is quanti-
fied using the product of filled concentrations and flow data
on a given day. The second model is a log regression model
between periodically measured concentrations and its paired
flow data on the day of collection. This model is then used
with the full flow data record to quantify daily export esti-
mates. The third model is the United States Geological Sur-
vey Loadest model (Runkel et al., 2004). This approach fits
several different regressions to periodic concentration data
and paired flow to find the best performing regression model
to fit the data. This model is then used with flow data to
quantify daily export. Finally, the composite model uses a
regression model (Loadest as default) and collected concen-
tration data to generate a residual dataset between regression
estimates and real data. These residuals are then used sys-
tematically to correct regression estimates to provide an im-
proved regression that is used with flow to quantify daily ex-
port. Daily uncertainty is quantified as a standard error of
prediction (SEP) for each model as outlined in Appling et al.
(2015). Briefly, interpolation models use a jackknife process
where interpolation models are fit to the data not including
one observation and differences between the removed data
point and the predicted point are quantified. For regression-
based models (i.e., regression, Loadest), daily SEP is deter-
mined as the square root of the sum of coefficient uncertainty.
The composite model uses a composite parametric bootstrap
approach. To produce annual water year export for each site
and each model, we summed all daily export estimates for
each water year and associated daily SEP via summing prop-
agation of error rules. For errors related to unmonitored flow,
we used the mean proportional error of the river(s) used to
calculate unmonitored flows via their yields (see Sect. 2).
Errors related to the change in storage (AS) term were de-
termined by simple error propagation rules. Annual tributary
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catchment yields (mass per area) were quantified by dividing
estimated export by gross catchment area for each station.

To quantify TSS and DOC export and storage (in ktonnes)
of four NSR mainstem reaches between water quality mon-
itoring stations, we used median export of the four models
at all stations and a mass balance approach (after Yin et al.,
2021):

ASNSR = Ivt + Tut — (OnsrDS) — INsrUS)) + E (1

where Iyt denotes reach inputs from monitored tributary
catchments; Iyt is unmonitored tributary export to the reach
using the product of catchment yields of other nearby moni-
tored tributaries and total unmonitored land area draining to
the reach; Onsr(ps) represents the NSR mainstem station ex-
port at the downstream bound of the reach; and Insrus) is
the NSR mainstem station export at the upstream bound of
the reach. ASnsr is assumed to be contributions to or sub-
tractions from the NSR mainstem from in-channel sediment
deposition (—), in-channel/bed or bank erosion (4), or ad-
ditions or subtractions from riparian and floodplain regions
(£). The residual (E) includes groundwater or atmospheric
contributions and losses of TSS or DOC, which are assumed
low relative to surface runoff contributions and not consid-
ered here.

2.3.4 Linear mixed models

To assess statistical differences between catchment yields of
TSS and DOC across different landscape types, between wa-
ter years, and between four different export models, we used
linear mixed models (SPSS v28). The three fixed factors in
the mixed models were water year, landscape type, and ex-
port model while the random factor was monitoring stations
using an autoregressive approach:

Yield; jxim = Bo + B1Landscape; 4 B> Year;
+ B3Model + B4(Landscape; x Year;)
+ Bs(Landscape; x Modely)
+ Bos(Year; x Modely)
+ B7(Landscape; x Year; x Modely)
+up+ €ijrm ()

where Yield is the TSS or DOC yield, By is the overall inter-
cept, Bn+1 are the fixed coefficients; Year/Landscape/Model
are the fixed factors, u; is the river station random factor, and
€ jkimis the residual error. Daily catchment yield data (depen-
dent variable) were strongly and positively skewed and were
log-transformed to improve normality to meet linear mixed
model standards (Knief and Forstmeier, 2021). Sidak multi-
ple comparisons (Sidak, 1967) were used to assess statistical
differences (o« = 0.05) between geometric means of TSS and
DOC yields by landscape type, water year, and export model.
Models were run using yield data from all monitored catch-
ments, but run again excluding the regulated Brazeau River
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station to remove effects of the dam and reservoir upstream
of that station on sediment transport and DOC.

3 Results
3.1 Catchment structure

Using the CSU approach (Table Sla) and hierarchical clus-
tering of all WaterSHED catchments, we identified four, sta-
tistically distinct tributary landscape types across the NSR
basin (Fig. 1, Table S1b). Cordillera catchments are domi-
nated by steep rock/rubble land cover, exposed bedrock, bare
and forested slopes, and few wetlands or anthropogenic land
uses. Foothills catchments are typically forested with wet-
lands, have coarse and fine surface sediments, and generally
have rolling topography. Forestry is the dominant land use,
with less extensive footprints by oil and gas development
and linear features. Mixed agriculture catchments are domi-
nated by low-slope agricultural lands, with patches of mixed-
wood forest, grasslands, large lakes, and energy production
footprints. Wetland coverage is low and surficial geology is
mixed with coarse sediments dominating. Finally, agricul-
ture catchments are heavily agriculturalized landscapes with
coarse tills, few wetlands, limited open water, and abundant
linear features relative to other classes due to proximities to
urban areas and rural road grids. The NSR at Whirlpool Point
flow station was the only catchment to drain a substantial
glacier and these meltwaters were delivered downstream to
other NSR mainstem stations.

3.2 Hydrometeorology

Regardless of geography, monitoring stations across the NSR
basin experienced relatively cool air temperatures and the
highest precipitation accumulations and subsequent river
flows during the water years 2019 and 2020 (Fig. 2). One-
year standardized precipitation index mapping (Fig. S2) sug-
gested between normal and one in three-year wet condi-
tions persisted across most of the NSR basin in 2019 but the
Brazeau catchment experienced up to 1 in 25-year wet con-
ditions. In 2020, the NSR basin experienced widespread one
in three-year wet conditions with patches of up to 1 in 12-
year wet conditions. In contrast, 2021 was characterized by
extreme heat and drought highlighted by a widely-reported
atmospheric blocking (heat dome) event over much of west-
ern Canada. Consequently, 1 in 25-year, up to 1 in 100-
year dry conditions prevailed across the NSR basin, partic-
ularly in foothills and downstream plains regions. Meteoro-
logical conditions across most of the basin were near-normal
in 2022.

The cordillera NSR at Whirlpool Point and the regulated
Brazeau River stations were the largest tributary contribu-
tors of flow to the NSR of monitored stations, each con-
tributing ~ 25 % of all flow at the NSR-Edmonton station
(Fig. 1) between water years 2019 and 2022 (Fig. 2). Other
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Figure 2. Canadian climate normals for mean annual air tempera-
ture (upper panel bars) and total annual precipitation (centre panel
bars) and mean annual river flow (lower panel bars) from moni-
toring stations across the North Saskatchewan River (NSR) basin
(1981-2010; %1 standard error). Annual metrics from 2019 to 2022
water years are overlain as symbols. All stations are ordered west
to east through the basin and mainstem stations include the pre-
fix “NSR” in their labels and (M) labels denote meteorological sta-
tions. * Station historic flow data from longer-term upstream sta-
tions (Rose Creek at Alder Flats; Tomahawk Creek at Tomahawk).

cordillera rivers including the Ram and Clearwater were the
next notable contributors of river water to the NSR, while
downstream foothills and plains rivers were less important
for flow. Catchment water yields (runoff) also generally fol-
lowed this downstream progression (Table S2).

Between years (Fig. 2, Table S2), the glacially-sourced
NSR at Whirlpool Point had the lowest variability in mean
annual flow (50th—52nd percentile of historic record) and
was unique across the network as it experienced relatively
high flows during much of the hot and dry 2021 summer. The
regulated Brazeau River produced stable but high flows be-
tween 2019 and 2022 (57th—64th), particularly during a very
wet 2019 in the catchment. Other cordillera rivers showed
lower relative flows and higher interannual flow variabili-
ties (44th—62nd). Both foothills (39th—69th) and plains rivers
(38th—85th) were even more variable in flow conditions be-
tween years. Of note, cordillera rivers Ram and Clearwater
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showed an overall annual flow condition that was near nor-
mal in 2022 despite experiencing isolated storm events in
early June 2022 that increased their flows substantially (i.e.,
99th percentile of flows) for a short period. Flow at the NSR
at Edmonton was mostly above its 115-year upper quartile
of flow in 2020 but mostly below its lower quartile in 2021.
Other years tended toward historical median flow. Total flow
at the station ordered highest to lowest was 9.4 km? (2020),
7.9km? (2019), 6.5 km?> (2022), then 5.7 km? (2021).

3.3 TSS and DOC concentrations

Downstream through the NSR basin, TSS concentrations in
catchments showed a step-change pattern (Fig. 3). Relatively
low, but variable concentrations occurred in the cordillera
(mean of all samples % standard error: 64.0 £23.6 mgL™!)
and foothills (25.04 11.1 mgL~") regions and higher con-
centrations in the agriculturalized plains (mixed agriculture:
83.7424.0mg L~!; agriculture: 100.6420.8 mgL~!). Con-
centrations of TSS were often highest in the wetter 2019 and
2020 water years compared to the drier 2021 and 2022 years,
but differences occurred depending on the catchment. In ge-
ographical agreement with the catchments, the NSR main-
stem progressed from 14.0+2.7mgL~! of TSS in the two
upper basin stations to a more variable 102.7 4 32.5mg L ™!
at the downstream plains stations. The flow regulated NSR
mainstem stations reported more consistent concentrations
between years compared to catchments.

Downstream concentration changes of DOC in catchments
also showed a step-change, but between the cordillera catch-
ments (2.1 £0.1 mg L~!) and all other stations (range: 7.0-
17.7mgL~1). NSR mainstem stations mirrored this pat-
tern (upper stations: 0.9 0.1 mgL~!; lower stations: 3.5 +
0.3 mgL~"). Again, wetter years produced greater DOC con-
centrations compared to drier years. Variability in DOC con-
centrations between all sites and water years was lower com-
pared to TSS (Fig. 3).

With differing degrees of association, concentrations of
TSS in most catchment and NSR mainstem stations cou-
pled positively with flow and thus produced well-performing
concentration—flow models (Table S3, Fig. S3). An ex-
ception to this pattern occurred downstream of the dam-
influenced NSR-Saunders station, whereas concentration—
flow associations from the flow regulated Brazeau River
were stronger. DOC concentration—flow associations were
also robust across the basin, though Redwater, Tomahawk,
and NSR-Whirlpool Point catchments showed weaker asso-
ciations compared to others.

3.4 TSS and DOC catchment yields
Catchment yields of TSS throughout the NSR basin were
highly variable between water years (Table S4). All TSS

yields ranged from <1 to ~325tkm~2yr~! with high-
est observed yields from mixed agriculture, agriculture, and
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Table 2. Ratios of annual (water years 2019-2022) maximum to
minimum runoff (from Table S2), total suspended sediment (TSS)
yield (from Table S4), and dissolved organic carbon (DOC) yield
(from Table S5) for all tributaries and North Saskatchewan River
(NSR) mainstem sites. C: cordillera; F: foothills; MA: mixed agri-
culture; A: agriculture.

Station MAX:MIN MAX:MIN MAX:MIN

Runoff TSS Yield  DOC Yield
NSR at Whirlpool Pt. (C) 1 3 1
NSR at Saunders Camp. 1 1 1
RamR. (C) 2 18 3
NSR u/s Clearwater R. 1 3 2
Clearwater R. (C) 2 24 3
Baptiste R. (F) 4 51 5
Nordegg R. (F) 3 193 6
Brazeau R. (C) 2 5 4
Rose Ck. (F) 10 289 16
Modeste Ck. (MA) 13 153 17
Tomahawk Ck. (MA) 57 481 103
Strawberry Ck. (A) 8 107 15
NSR at Devon 2 23 5
Whitemud Ck. (A) 10 33 17
Sturgeon R. (MA) 13 59 16
Redwater R. (A) 32 108 49
NSR at Pakan Bridge 2 51 5

foothills catchments in 2020, and cordillera catchments in
2022. Punctuating this variability, TSS yields from the high-
est sediment yielding catchments in 2020 were approxi-
mately 100 to nearly 300 times larger than yields in the 2021
dry year. Only catchments that were regulated (i.e., Brazeau)
or drained glacially influenced landscapes (NSR-Whirlpool
Point) showed relatively consistent TSS yields between wa-
ter years. DOC catchment yields were much smaller than
TSS yields ranging from < 1 to only 7 tkm~2 yr~! and yields
were highest through the central portion of the NSR basin
(Table S5). However, the variability of DOC yields between
years and catchments was much lower than for TSS. For NSR
mainstem stations, both TSS and DOC yields were least vari-
able between water years in the headwaters and more vari-
able in the plains regions.

Cordillera TSS catchment yields were statistically larger
than those from mixed agriculture and agriculture landscapes
(Fig. 4; Table S6). Foothills yields were not different than
those of other landscape types. These patterns were true for
TSS regardless of the differences in hydrometeorological
conditions between water years or if the regulated Brazeau
catchment was included or not. Across all landscapes and
export model types, catchment yields of TSS were highest
in the wet 2019 and 2020 years and both were statistically
larger than yields in 2021 and 2022 (i.e., 2019 = 2020 >
2022 > 2021). We observed increases in TSS yields that far
outweighed increases in flow between water years, particu-
larly at certain foothills (e.g., Nordegg, Rose), mixed agri-
culture (e.g., Modeste, Tomahawk), and agriculture (e.g.,
Strawberry, Redwater) catchments (Table 2). For example,
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Figure 3. Concentration boxplots (10th—25th—50th—75th—90th percentile boxes/whiskers; dot outliers) of total suspended sediment (TSS, up-
per panel) and dissolved organic carbon (DOC, lower panel) by water year for all tributary catchment (filled boxes) and North Saskatchewan
River (NSR) mainstem (open boxes) monitoring stations ordered west to east across the basin. Tributary catchments are classified by land-
scape type (see Methods). Dashed red line indicates the analytical reporting limit for each water quality parameter with the few samples

below that line reported at half the detection limit.

the Nordegg River in the foothills reported TSS yields that
were ~ 200 times higher in 2020 compared to 2021, de-
spite runoff being only three times higher in 2020. Similarly,
some cordillera rivers (i.e., Ram, Clearwater) reported annual
TSS yields 18 to 25 times higher in 2022 compared to 2021
with runoff only 1.3 times higher in 2022. TSS catchment
yields were highly variable (even magnitudes apart) between
export models despite reporting the same patterns between
landscapes and water years (Fig. 4), similar to other work
(Kamrath et al., 2023). Across the four different TSS export

https://doi.org/10.5194/hess-29-5515-2025

models, we found statistical differences in yields between
each model except for the Loadest and composite models
(a = 0.05; Table S6).

For DOC catchment yields, all years were statistically dif-
ferent following the descending order 2019, 2020, 2022, and
2021 (Fig. 4, Table S7). Though yields showed the same pat-
terns between landscape types as TSS, there were discrep-
ancies between years. DOC yields were not statistically dif-
ferent between landscape types in the wetter 2019 and 2020
years, but cordillera DOC yields were higher in the drier

Hydrol. Earth Syst. Sci., 29, 5515-5533, 2025
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Figure 4. Total suspended sediment (TSS; upper panel) and dissolved organic carbon (DOC; lower panel) catchment yields (filled circles)
from water years 2019 to 2022 from tributary catchments of the North Saskatchewan River basin ordered upstream to downstream. Yield
variability of each site reflects results from different loadflex export models (see Sect. 2). Linear mixed model results (right of graphs)
assess statistical differences between landscapes, water years, and their combination across all export models. Different letters within a given
category (i.e., landscape, water year) denote statistical differences as determined by the linear mixed model.

2021 and 2022 years compared to mixed agriculture and agri-
culture landscapes. Removal of the Brazeau station did not
affect these patterns. River stations across the NSR basin
reported interannual maximum to minimum DOC yield ra-
tios of 1 to 103 (mean: 16) compared to 1-57 (mean: 10)
for runoff, which were much closer together relative to TSS
(1-481; mean 94; Table 2). DOC yield estimates were much
less variable between export models compared to TSS results
(Fig. 4). DOC export models reported that yields computed
by composite and regression approaches, and interpolation
and Loadest approaches, were statistically similar (Table S7).

Hydrol. Earth Syst. Sci., 29, 5515-5533, 2025

3.5 TSS and DOC export

Export of TSS through the catchment and NSR mainstem
network displayed sharp interannual contrasts (Fig. 5, Ta-
ble S8). Across all years, catchment (and unmonitored land)
export of TSS was highest in the near-normal 2022 (me-
dian of models & SE: 2239 4 962 kt), followed by the wetter
years 2020 (2183 669 kt) and 2019 (627 £ 216 kt), then the
drought 2021 year (316 & 212kt). Though most tributaries
showed their highest exports in the wet 2020 year, extremely
high sediment export from the cordillera Ram and Clearwa-
ter rivers during substantial, short-term rainfall events in June
dominated tributary sediment export in 2022.

Storage of sediment (Fig. 5) in the upstream NSR-
Saunders reach (194-788 kt yr=!, 2019 to 2022) was closely

https://doi.org/10.5194/hess-29-5515-2025
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Figure 5. Total suspended sediment (TSS) export arrow diagrams of the North Saskatchewan River (NSR) basin for the water years (Novem-
ber to October) of 2019 to 2022. Tributary and storage exchanges are represented by horizontal arrows and NSR mainstem stations and
reaches are shown as vertical arrows. Alternating shading delineates NSR mainstem reaches. Relative station spatial separations not to scale.

Medians of all export models were used to construct mass arrows.

aligned with incoming delivery of sediment from catchments
(219-807 ktyr—!). This pattern was true even during sub-
stantial glacier melt-related transport of sediments during the
2021 heat dome event. The behaviour of Abraham reservoir
upstream of the Bighorn Dam as a major sediment sink is
consistent with this overall relationship between inputs and
storage.

The NSR-upstream Clearwater reach showed variable
inputs of sediments from catchments each year (31—
564 ktyr~—!), with highest export in 2022. From 2019 to
2020, there was storage of sediment in the river (40—
48ktyr~!) before a modest release of sediment in 2021

https://doi.org/10.5194/hess-29-5515-2025

(15kt yr‘1 ). In 2022, sediment contributed by the Ram River
and unmonitored regions after June storms (564 kt yr_l) was
mostly stored in this reach of the NSR (428 ktyr~1).
Through the lower-slope NSR-Devon reach in 2019 to
2021, addition of sediment to the river from stores (48—
1719kt yr—!) outpaced catchment sediment additions by 1.2
to 2.5 times, meaning a majority of suspended sediment in
this reach of the NSR was sourced from areas within and ad-
jacent to the river itself. The high-flow year of 2020 resulted
in major additions of sediment to the river from in-river
sources. In 2022, contributions of sediment from Clearwater
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R. and other tributaries were stored in the reach (542 ktyr™ b,
in contrast to previous years.

Finally, through the NSR-Pakan reach, the banks and
channels of the NSR itself contributed 734 and 53 ktyr~!
of sediment in 2020 and 2022, respectively, while 2019 re-
ported 78 kt yr~! of sediment storage through the reach while
2021 had storage of 68 kt yr—!. Across all NSR mainstem sta-
tions, sediment storage occurred mostly in the upper two sta-
tion reaches (7/8 occurrences) compared to sediment losses
in the two downstream reaches (5/8 occurrences). Overall,
catchment export relative to the furthest downstream main-
stem station (NSR at Pakan) was 49 %—61 % in the wet 2019
and 2020 years up to 245 % (2022) and 360 % (2021) during
the normal to drier years.

In contrast to the highly variable and active storage terms
year to year for TSS, export of DOC downstream through
the NSR basin showed more consistent patterns (Fig. 6, Ta-
ble S9). In upper reaches, export of DOC from tributaries
was relatively low but consistent between years delivering
1.4 to 6.1ktyr~! following the interannual pattern 2020 >
2019 > 2022 > 2021. Consistent storage of DOC in the dam-
influenced NSR-Saunders reach each water year mirrored
TSS patterns. DOC was stored through the NSR-upstream
Clearwater reach but storage was nearer to net zero com-
pared to the NSR-Saunders reach. Through the NSR-Devon
reach, DOC was stored except during the wet 2020 season
when DOC was added to the river. The NSR-Pakan reach re-
ported near zero storage in 2019 before consistent DOC addi-
tion to the river (0.5-3.1 kt yr’l) from 2020 to 2022. Overall,
cycling of DOC between the NSR mainstem and its stores
within and adjacent to the river was less consequential than
for TSS, resulting in relatively consistent tributary contribu-
tions of DOC relative to NSR at Pakan station of between
97 % and 130 %.

4 Discussion

4.1 Sediment mobility driven by site-specific
precipitation and erosion thresholds

Numerous studies have demonstrated that different catch-
ment characteristics can influence downstream water quality
(Allan, 2004; Lintern et al., 2018b; Shi et al., 2024). These
landscape to water quality connections require a source of
landscape material in the catchment, precipitation and runoff,
entrainment or dissolution of material, and downstream de-
livery. Typically, we expect steep cordillera regions to have
colluvial sediment stores of large grain sizes that produce
fewer suspended sediments in rivers (Sinha and Friend, 1994,
Townsend-Small et al., 2008) compared to thicker, unveg-
etated soils of erosion-prone agricultural plains and urban
environments (Giri, 2021). Forested landscapes often have
moderate soil stores resistant to erosion due to vegetation
cover (Veldkamp et al., 2020). This pattern is reflected in
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the NSR basin by differences observed between lower con-
centration cordillera regions and those downstream (Fig. 3).
However, sediment yields were highest from the wetter
cordillera areas, pointing to precipitation and runoff control-
ling sediment mobility across the basin (i.e., transport lim-
ited; Su et al., 2023). This finding is supported by strong
and positive TSS concentration-flow (C-Q) relationships at
most stations and suggests there is ample sediment supply
across the basin but hydrological energy is required to mobi-
lize it (Creed et al., 2015), as observed elsewhere in Alberta
(Loiselle et al., 2020).

Statistical differences in TSS yields and variability in sed-
iment export between water years (Figs. 4, 5) reflected the
inconsistency in precipitation and runoff conditions observed
across the NSR basin during the study. Similarly, TSS yield
patterns across landscape types were the same across all
water years, also suggesting hydrometeorological conditions
were the dominant control on sediment yields. During the
open water period in central Alberta (May—October), rain-
fall frequency and intensity is related to hourly-scale, patchy
convective rainfall events and daily-scale low pressure sys-
tems from the west and south (Vickers et al., 2001). These
drivers contribute to a mosaic of moisture conditions across
the basin (Fig. S2). These episodic processes lead to shorter-
term hydrologic connections across landscapes and subse-
quent erosion that may mobilize a substantial portion of a
river’s annual export of material. In between events, or dur-
ing dry years of this continental basin, evapotranspiration is
strong, leading to desiccation of landscapes, prolonged lack
of hydrologic connectivity, and higher groundwater contribu-
tions to rivers relative to surface flow (Tetzlaff et al., 2024).
This juxtaposition of conditions at least partially drives the
variability of sediment yields and export between years and
between rivers across the basin. However, rainfall and runoff
accumulation does not fully explain TSS yield variability in
space and time.

Though transport-limitation and hydrometeorology drive
sediment yields in both catchments and the NSR mainstem,
we observed non-linear (i.e., threshold) response of sedi-
ment yields in selected tributaries relative to changes in flow,
which is commonly observed in rivers (Vercruysse et al.,
2017). This is consistent with rapid connection, disconnec-
tion, and reconnection events that occur between runoff and
sediment stores in catchments (Fryirs, 2013). The striking
sediment yield increases in 2020 in selected foothills and
plains catchments and in 2022 in selected cordillera catch-
ments demonstrates the variability (i.e., site specificity) of
this threshold behavior. Threshold response also helps ex-
plain wide variability in export model results (Fig. 4) as ex-
treme high events perturb model fits at high flows and con-
centrations of C-Q associations (Asselman, 2000). Further,
our nested monitoring program allowed us to observe how
alluvial sediment stores in major rivers interact with flow.
Downstream through the NSR mainstem reaches, we ob-
served mostly loss of sediment stores due to erosion within
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Figure 6. Dissolved organic carbon (DOC) export arrow diagrams of the North Saskatchewan River (NSR) basin for the water years (Novem-
ber to October) of 2019 to 2022. Tributary and storage exchanges are represented by horizontal arrows and NSR mainstem stations and
reaches are shown as vertical arrows. Alternating shading delineates NSR mainstem reaches. Relative station spatial separations not to scale.

Medians of all export models were used to construct mass arrows.

the NSR (2019-2021) before a reversal to sediment stor-
age (2022; Fig. 5). In 2020, a flow threshold was crossed
where bank and bed erosion were more intense in the NSR-
Devon reach compared to other reaches and years. These re-
sults demonstrate how mainstem flows begin to erode and
entrain in-channel and marginal sediment stores and mo-
bilize sediment downstream as an erratic “conveyor belt”
(Fryirs, 2013). This behavior is particularly robust in head-
water basins that transition from mountainous, highland-type
landscapes to low-relief plains regions. This type of dynamic
sediment transport is also typical across deglaciated land-
scapes like the NSR basin.

https://doi.org/10.5194/hess-29-5515-2025

Accumulated glacial tills are often unstable and erodible
and serve as a persistent source of sediment to rivers, ele-
vating sediment yields in an effect described as paraglacial
sedimentation (Ballantyne, 2002; Church and Ryder, 1972).
Downstream delivery of glacial derived sediment reduces
sharply over time as glacial ice retreats and easily mobi-
lized sediment is either exhausted or becomes inaccessible
to the fluvial system. Ultimately sediment yields decline,
marking the end of the paraglacial period. However, fluvial
reworking can create secondary stores of glaciogenic sed-
iments downstream and when coupled with extra-channel
stores, can become ongoing sources of sediment for much
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longer periods (Ballantyne, 2002; Orwin and Smart, 2004).
This sediment may then mobilize under certain conditions
when kinetic energy thresholds are crossed, typically during
isolated, intense, short-term hydrological events. These types
of threshold conditions are now appearing in other northern
landscapes that are experiencing enhanced terrestrial-aquatic
change in particulate and dissolved material export due cli-
matic shifts (Beel et al., 2020).

4.2 Dissolved organic carbon mobility closely reflects
broad hydrologic connectivity

Yields and export of DOC across the NSR basin generally
showed similar patterns to TSS but with some notable differ-
ences. Riverine DOC is sourced from upstream hydrological
flushing of organic soil horizons, wetlands, and riparian areas
(Neary et al., 2009). From a DOC source perspective, weaker
cordilleran C-Q associations (Table S3) and sharp increas-
ing concentrations out of the mountains, compared to TSS,
suggest weaker transport-limitation toward neutral or source-
limitation behavior (Creed et al., 2015; Su et al., 2023).
Though sediment is sourced in cordillera areas either through
glacial inputs, colluvial processes, or secondary scouring of
channels and beds, Canada’s Rocky Mountains have typi-
cally sporadic and thin organic soil and wetland cover in val-
leys (Hoffmann et al., 2014). The cordillera NSR-Whirlpool
station, for example, showed a nearly flat C-Q association,
meaning increasing flow in rivers in this relatively wet re-
gion did not result in more incoming DOC from upstream
catchments. Other cordillera rivers had stronger C-Q associ-
ations (i.e., larger coefficients of determination; Table S3) but
did not produce high concentrations of DOC, likely owing to
thin soils and marginal wetland coverage in downstream por-
tions of their catchments. Foothills regions have some wet-
land coverage and are underlain by more developed luviso-
lic soils with shallow organic layers and thus have greater
organic matter stores compared to Rocky Mountain catch-
ments. Further downstream, deeper chernozemic soils of the
agriculturalized plains have very large stores of organic mat-
ter. However, similar to TSS, DOC yields were statistically
highest from wetter cordillera catchments and lowest in those
of drier agricultural landscapes despite clear differences in
organic matter stores. Again, these results point to hydrome-
teorology playing the dominant role in DOC mobility down-
stream, but with a notable difference.

DOC yields across the basin, relative to TSS, reported less
variability between years for a given river, between rivers of
a specific landscape type, and between rivers across land-
scape types (Fig. 4). DOC yields between landscapes were
also different for wetter (2019 and 2020) versus drier (2021
and 2022) conditions. Maximum to minimum DOC yield ra-
tios were similar to patterns reported for runoff (Table 2).
These results point to straightforward hydrologic connectiv-
ity driving DOC yields across the basin compared to the ero-
sive threshold behavior observed for TSS yields that con-
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tributed to high variability within landscape types. Rain and
runoff increase hydrologic contact with shallow organic soils
and wetlands, through runoff and interflow, resulting in more
DOC delivery to rivers (Neary et al., 2009; Ward et al.,
2017). The pulse-shunt process concept (Raymond et al.,
2016) similarly outlines how hydrologically active years in
catchments flush organic matter from soils and transport it
downstream quickly and efficiently to higher order rivers.
This process can result in hydrologic connection to isolated
sources of organic material across the landscape before dis-
connection during drier years. This process also requires con-
tact and gravity flushing, rather than extra energy required to
entrain particulate material. This concept also demonstrates
why model performance was better for DOC than TSS as
flushing produces less variability than erosion, particularly
at the high end of C-Q associations.

Through the NSR mainstem, there was little evidence in
most years that riparian areas, or other sources of DOC
within and adjacent to the mainstem, influenced downstream
DOC mobility (Fig. 6). Rather, the NSR was more of a con-
duit of DOC sourced from tributary catchments. Only in the
years when wet conditions were widespread (2020) did we
observe likely riparian additions of DOC from regions ad-
jacent to the NSR mainstem, though these inputs were still
inconsequential.

Ultimately, in support of our hypotheses, interannual dif-
ferences in hydrometeorological conditions controlled both
TSS and DOC mobility through the NSR basin, but via dif-
fering processes (i.e., threshold erosion versus simple flush-
ing). However, we did not expect that inter-catchment vari-
ability of TSS and DOC yields within a given landscape type
would blur differences between obviously different land-
scape types as determined statistically using high-resolution
geospatial datasets. This, therefore, points to the highly vari-
able nature of dry, continental climates such as those in
Alberta, the ongoing legacy of past glaciation on sediment
availability, and may partially explain why landscape con-
ditions here show a less measurable role in mobilization of
river material, compared to other locations (Lintern et al.,
2018a).

4.3 Implications for water users within a changing
river

The eastern slopes of the Canadian Rocky Mountains are
a critical “water tower” for approximately 5 million people
and Canada’s centre of agricultural activity. This region is
also experiencing substantial changes in climate and river
flow related to changes in atmospheric circulation, glacial
loss, seasonal shifts, and other hydrometeorological factors
(Anderson and Radié, 2020; Moore et al., 2009; Newton et
al., 2021; Rood et al., 2008). Climate modelling of condi-
tions across the NSR basin for 2061-2080 using data from
Canada’s Changing Climate Report predicts mostly unidirec-
tional increases in precipitation and temperature across most
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seasons (Fig. S4; Bush and Lemmen, 2019). For example,
across the basin, precipitation is expected to increase approx-
imately 5 %-25 % relative to reference conditions (1986—
2005) during winter and open-water periods. Over the same
period, seasonal air temperatures are expected to increase 3.5
to 5.5 °C throughout the basin, potentially inducing greater
humidity and more intense convective and cyclonic rainfalls
during the open water season. This heating may also cause
more intense droughts when atmospheric cycles like El Nifio
induce drier conditions across western Canada (Asong et al.,
2018).

Assuming similar river and catchment processes in the
future, our results suggest that the NSR basin may experi-
ence increased mobilization of TSS and DOC in tributaries
and the NSR mainstem in response to a wetting climate. A
warming climate may also increase glacial runoff and as-
sociated glacial sediment mobilization (Staniszewska et al.,
2021). For example, the relatively hot conditions that the
NSR-Whirlpool catchment endured in 2021 resulted in rel-
atively greater storage of water and sediment in the Bighorn
Dam. Given the controlling factors of rainfall location, in-
tensity, and specific catchment conditions on TSS mobility,
increasing precipitation and river flow may create more tur-
bid river systems whose conditions and behaviour are diffi-
cult to predict spatially and temporally. DOC mobilization
would be expected to be more predictable based on open wa-
ter season rainfall accumulations. Regardless, mobilization
of more turbid and organic-rich waters may create issues for
aquatic ecosystem health and human water users. Prolonged
turbidity is a known stressor on ecosystem health due to
sediment burial and scouring processes that impact periphy-
ton, benthic invertebrates, and fish health and reproduction
(Wood and Armitage, 1997). Sharp changes in DOC concen-
trations and character can upset heat and carbon cycling of
local ecosystems (Spencer et al., 2012). From a human use
perspective, turbidity and organic matter can provide sub-
stantial challenges for the cost-effective production of treated
drinking water (Price and Heberling, 2018). Though turbid-
ity is effectively reduced in conventional treatment methods,
higher turbidity requires more alum additions (and therefore
higher cost) to settle particles (Farhaoui and Derraz, 2016).
Similarly, high DOC in raw river water can require additions
of powdered activated carbon to avoid development of po-
tentially hazardous disinfection byproducts in treated water
(Delpla et al., 2009); again at higher costs.

In terms of managing human-related pollution effluents
into rivers, many jurisdictions use a total maximum daily
load (TMDL) approach to ensure effluent additions do not
stress aquatic ecosystems. TMDLs integrate data from point
and non-point sources of pollution in a river system to cal-
culate how much of a concerning substance can be deliv-
ered to river systems but still meet water quality guidelines
(USEPA, 2024). Turbidity and DOC can be important hosts
binding metals and other contaminants of concern, including
mercury, within their matrices (Delpla et al., 2009). Increases
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in natural background loading of these materials could have
implications for the quality, release frequency, and volume
of industrial and municipal effluents delivered to the NSR
in the future. Similarly, climate change is expected to inten-
sify wildfire activity across northern landscapes, potentially
delivering greater amounts and different forms of material
downstream with potential implications for TMDLSs, and wa-
ter users in general (Goode et al., 2012; Hanes et al., 2019).

Considering the potential for greater delivery of TSS and
DOC downstream through the NSR and associated chal-
lenges for water users, it is important to contextualize these
results from a source water protection perspective. In the
NSR, source water protection narratives (EPCOR, 2020)
focus on the cordillera and foothills regions of the basin,
where most of the water in the NSR at Edmonton is sourced
(Government of Canada, 2023; Newton and Taube, 2023)
and where future land use changes are anticipated to oc-
cur. Currently, foothills and cordillera regions are less im-
pacted by human activities relative to downstream agricul-
turalized plains regions (Alberta Biodiversity Monitoring In-
stitute, 2016) and contribute water low in sediment and dis-
solved organic carbon to the NSR. Climate projections across
the NSR basin expect weaker precipitation accumulation in-
creases in the mountains and foothills relative to the agri-
culturalized plains (Bush and Lemmen, 2019) and long-term
loss of glacial meltwater inputs to the NSR (Anderson and
Radi¢, 2020). Coupled with expected future land use pres-
sures in these regions means that it will be critical for land
use decisions in the water-producing regions of the NSR be
made in an informed manner, guided by data, and maintains
ecosystem services (Palmer et al., 2009).

5 Conclusion

Using our multi-annual, representative monitoring design for
the NSR basin tributaries, we showed that catchment yields
of TSS and DOC have significant variability not only be-
tween catchments of different structural/landscape condi-
tions, but also between those that are similar. This demon-
strated the utility of replication of river monitoring even in
landscapes considered to have similar landscape conditions
or human impacts. At the same time, interannual variabil-
ity was a strong driver of TSS and DOC yields at all rivers
and landscape types, suggesting hydrometeorology was a
stronger influence on TSS and DOC mobilization down-
stream than landscape condition in the NSR basin. At the
basin scale, TSS and DOC yields showed similar patterns be-
tween landscapes and years, supporting our hypothesis and
further highlighting the importance of hydrometeorology in
controlling the conditions of tributaries in this basin.

When integrating a major river in a nested monitoring de-
sign, we demonstrated the importance of channels, banks,
and riparian areas of major rivers in controlling the amount
of TSS and DOC stored in and delivered from a basin. This
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suggests that landscape conditions may not fully explain the
water quality of major rivers, nor fully control the mobiliza-
tion of terrestrial matter, and demonstrating the importance
of monitoring major river systems in a nested manner. In sup-
port of our second hypothesis, the degree of in-channel con-
tributions to basin export was greater during wet periods than
dry and highlights how active major rivers are in the storage
and transport of terrestrial material.

The NSR in western Canada supplies water to over
1.5 million Canadians and is experiencing change due to con-
tinued loss of glacial meltwater inputs, greater heating and
rainfall accumulations, and increasing human populations.
Our study suggests that NSR waters are expected to become
more turbid and enriched in dissolved organic material un-
der this climate regime and will likely cause challenges for
water users (e.g., drinking water utilities), river management
strategies, and aquatic biota. However, broader application of
monitoring approaches that capture landscape heterogeneity,
replicate monitoring of diverse catchment conditions, and in-
clude entire river basins in an integrated fashion will provide
improved data and understanding of river systems and ulti-
mately better decisions when managing water resources.
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