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Abstract We examined annual runoff from 20 meso-scale catchments over 25 years, to elucidate how
interactions between physiography and long-term weather patterns influence the magnitude of spatial-temporal
thresholds in annual runoff responses in water-limited, low-relief, glaciated continental Boreal landscapes.
Annual runoff ranged over 2 orders of magnitude (<3 to >300 mm) among catchments receiving similar
annual precipitation. Threshold relationships were observed with cumulative regional moisture deficits that
reflected spatial-temporal differences in effective storage and antecedent moisture among catchments with
differing portions of glacial-deposit and land-cover types. The importance of the glacial-deposit texture and
forest-peatland cover on runoff behavior among catchments varied with weather patterns and catchment
antecedent moisture states. Dry states yielded low annual runoff that ranged by 2 orders of magnitude

(0-80 mm), with higher values in catchments with predominantly coarse-textured deposits. During near normal
antecedent moisture, annual runoff remained low (<10 mm) in catchments associated with fine-textured,
hummocky landforms and deciduous forests. Annual runoff >10 mm was observed only in catchments with
extensive peatlands. Infrequent wet states resulted in increased runoff in all catchments; however, ranges in
maximum runoff were associated with heterogeneity in catchment landforms and land covers. Integrating
cumulative precipitation with the proportion of glacial-deposit and land-cover types within catchments can

(a) represent water cycling and regional sink-source dynamics controlling runoff and (b) provide an effective
management framework for predicting climate and land use impacts on regional runoff in water-limited,
low-relief, glaciated landscapes such as the Boreal Plain.

1. Introduction

The hydrologic, physiographic, and climatic setting of an area imparts an appreciable control on the seasonality
and magnitude of runoff (R) generation or threshold responses (Zehe & Sivapalan, 2009). Thresholds in runoff
response refer to “critical moment(s) in time or position in space where the runoff behavior rapidly changes”
(Ross et al., 2021).The hydro-physio-climatic setting of an area can influence the general catchment function
as it controls the form and magnitude of precipitation (P) relative to vegetation demand, the soil storage, and
aquifer interaction determining antecedent moisture conditions and therefore flow path and temporal and spatial
changes in R with input P (Carey et al., 2010; Devito et al., 2005; McNamara et al., 2005). To this end, many
researchers encourage intercatchment comparisons of runoff dynamics across a breadth of physical and climate
characteristics (Ali et al., 2015; Julian & Gardner, 2014; McNamara et al., 2011). Such studies provide insights
into the relative role and interaction of catchment heterogeneity with climate on storage (S) and R dynamics,
while also allowing researchers to develop an awareness of how different landscapes may be resilient to environ-
mental change (e.g., Ehsanzadeh et al., 2012; Pilgrim et al., 1988; Singh et al., 2014; Tetzlaff et al., 2009).

Intercatchment comparisons have increased our understanding of how topography (Dreps et al., 2014), soil pedol-
ogy (Gannon et al., 2014; Lin et al., 2006; Testzlaff et al., 2014), and surficial or bedrock geology (Cowood
etal., 2017; O’Sullivan et al., 2020; Pfister et al., 2017) interact with overlying vegetation to influence the spatial
distribution of soil-groundwater S and catchment (antecedent) moisture states. These characteristics, in turn,
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define differences or similarities in the memory of wetting and drying periods, and thus surface and subsurface
hydrological connectivity, and the degree of nonlinearity or abruptness of the threshold response to current P
events (Buttle & Eimers, 2009; McNamara et al., 2005; Nippgen et al., 2011). Integrated catchment characteris-
tics also influence the potential for and proportion of hydrologically connected (direct) or disconnected (indirect)
subsurface and surface S, where indirect S is lost from the stream network system (Buttle, 2016; Ehsanzedeh
et al., 2012; Spence, 2010).

Although considerable, much of our understanding of the nonlinearity and threshold P—R responses of landscapes
comes from regions with humid climates and studies concerning individual hillslopes (Redding & Devito, 2008),
small catchments (Birkel et al., 2017; Peters et al., 1995; Saffarpour et al., 2016) or relatively homogenous,
topographically driven, headwater catchments confined to local groundwater connectivity (Gannon et al., 2014;
Julian & Gardner, 2014; Teutschbein et al., 2015). Temporal and spatial variations in catchment S to R relation-
ships with alteration by shorter-term weather patterns such as seasonal P (snow accumulation, wet seasons)
or intra-annual drying and wet cycles are well documented (e.g., Ali et al., 2015; Farrick & Branfireun, 2014;
Saffarpour et al., 2016). The conceptualization and quantification of thresholds and lags from larger catchments
with heterogeneous S properties and over longer temporal scales is still poorly understood (Carey et al., 2010;
Tetzlaff et al., 2014) and can be highly variable across hydro-physio-climatic regions (Burn et al., 2008; Ross
et al., 2021; Tetzlaff, Buttle, Carey, van Huijgevoort, et al., 2015; Zehe & Sivapalan, 2009).

The circumpolar Boreal is one of the world’s largest and last contiguous forests and it plays an important role in
the world’s water and carbon cycles (Barr et al., 2012). Boreal forests also provide countless ecosystem functions
and vast tracts of wildlife habitat (Smith & Reid, 2013). Recent circumpolar Boreal studies have increased our
understanding of how variation in hydro-physio-climatic setting may influence catchment hydrologic functions
and behavior across this important yet susceptible global ecosystem (Burn et al., 2008; Tetzlaff, Buttle, Carey,
McGuire, et al., 2015). However, catchments with characteristics typical of continental glaciated plains regions
of the boreal forest of North America and Eurasia have been conspicuously absent, limiting generalization and
extrapolation of Boreal catchment hydrologic behavior.

In contrast to the relatively high relief of the Boreal Cordillera, and shallow soils and low permeable crystalline
bedrock of the Boreal Precambrian shield, the hydro-physio-climatic setting of the Boreal Plains (BP) is charac-
terized by low-relief, deep and heterogeneous surficial deposits, small long-term moisture deficits (potential evap-
otranspiration [PET]:P ratio <1), and low average regional R efficiency (<20% RP~!; Buttle et al., 2000; Devito
et al., 2005, 2017; Stralberg et al., 2020). Typical of continental plains (Pravetz et al., 2015; Sun et al., 2020; Xu
et al., 2011), large resistance of outflow to P inputs, nonlinearity, and spatial variability in catchment responses
are expected due to the low relief and the predominance of vertical and subsurface exchange (Dreps et al., 2014;
Klaus et al., 2015; Winter et al., 2003). Furthermore, continental regions with mean annual precipitation (MAP)
within 10% of PET can experience large shifts in R with small interannual differences in P and PET (Jackson
et al., 2009; Pilgrim et al., 1988; Zhou et al., 2015). On the other hand, the climate in the BP exhibits different
periods of weather cycles, where annual P oscillates from below normal (drier) to near normal P over a 4-8-year
period. This cycle is punctuated with 1 or 2 years of relatively large atmospheric moisture excess (P > PET) on
roughly a 25-year period (Carrera-Herndndez et al., 2011; Mwale et al., 2009). Similar to other systems across
the continental Great Plains of North America (Mwale et al., 2011; Wolfe et al., 2019), the interaction of deep
water storage with short- and long-term weather patterns has been shown to result in large spatial variabil-
ity, strong thresholds, and hysteretic patterns in S to R relationships on selected catchments on the BP (Devito
et al., 2005; Holecek, 1988; Wells et al., 2017). Addressing ecosystem service concerns and environmental flow
needs requires a firm understanding of the controls on the natural range of seasonal and annual R generation. Such
knowledge can reduce water security concerns by improving predictions of impacts from climate and land-use
changes on both low and high annual flows, thus reducing uncertainty in water management decision making
(Basu et al., 2020; Peters et al., 2022; Powell et al., 2017).

Despite the recognized complexity and spatial variability of landscape attributes, variability in hydrologic func-
tion has been broadly defined across the BP (Bridge & Johnson, 2000; Devito et al., 2005, 2012; Hokanson
et al., 2019; Ireson et al., 2015; Smerdon et al., 2009) and similar ecohydrologic regions (Schoeneberger &
Wysocki, 2005; van der Kamp & Hayashi, 2009; Winter et al., 2003) by considering the spatial heterogeneity of
surficial glacial geology (i.e., fine- and coarse-textured deposits) that influences surface and subsurface S and
hydrologic connectivity, as well as vegetation communities and water demands. The Boreal and Taiga Plains
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Figure 1. The distribution of river gauging sites (see Table 1 for the catchment identification [CID]), catchment boundaries,
and precipitation gauging stations on surficial geology map (Fenton et al., 2013) of the northern Alberta study area. Coverage
of defined coarse-texture glaciated landform (CO), fine-textured hummock (FH), and fine-texture clay-rich till and lacustrine
plains (Fine_Plain [FP]) defined as in Devito et al. (2017). Inset shows the Boreal Plains ecozone of Canada (hashed lines)
and the Boreal Forest Alberta Natural Region (Natural Regions Committee, 2006) in green.

differ in land cover from most other Plains regions, wherein extensive peatland development can cover >50% of
the landscape; thus, ecohydrologic processes and storage—threshold relationships specific to peatlands need to be
considered in generalizing catchment R between and within hydro-climatic regions (Carrer et al., 2015; Devito
et al., 2012, 2017; Gracz et al., 2015; MacCulloch & Whitfield, 2012). Conceptualizing and classifying the
catchment hydrologic function across the BP requires an understanding of complex interactions between dynamic
weather patterns and the subtle relief, moderate to poor regional drainage, spatially variable glacio-surficial
geology, and the mosaic of land covers that characterize the BP (Devito et al., 2005; Ireson et al., 2015; Mwale
etal., 2011).

The overall objective of this paper is to identify and also quantify general relationships between landscape struc-
ture and R patterns over broad scales that vary in local climate regimes and landscape attributes. Here, we exam-
ine how P input signals are modified by the integration of heterogeneities in internal S and flow path connectivity
in northern, low-relief, glaciated, heterogeneous catchments that are water limited. We examine annual R over a
25-year wet to dry weather pattern of 20 meso-scale catchments with ranges in proportions of the dominant land-
form and land-cover characteristic of the BP in western Canada. Our goal is to determine (a) the intracatchment
and intercatchment range in magnitude of annual R; (b) the potential for annual R threshold responses to annual
P inputs; (c) how the proportional cover of the dominant landform and land cover may influence catchment
P-R relationships; and (d) the interaction between landscape characteristics and dynamic weather patterns on
the spatial variability in temporal variations of catchment P—R relationships. Improving our understanding of
how weather patterns interact with BP landscape characteristics, and thus potential water S and flow paths, to
influence spatiotemporal variability in catchment P—R relationships will better inform management practices that
require assessing climate and land use impacts on critical flows in the globally important BP.

2. Study Area

The study area is located within the Central Mixedwood (CMw) subregion of the Boreal Forest Natural Ecore-
gion of northern Alberta (Natural Regions Committee, 2006), which overlaps with the western portion of the BP
ecozone of Canada (Marshall et al., 1999; Figure 1). The delineation and characteristics of the ecophysiological
regions, surficial geology, soils, and land cover are detailed in Devito et al. (2017). In brief, the climate is cold
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subhumid, with mean annual air temperatures of —1.0°C to 0.2°C, MAP of 478 to 495 mm, and annual PET rang-
ing from 511 to 523 mm (Marshall et al., 1999; Natural Regions Committee, 2006; see Table S1 in Supporting
Information S1). Precipitation during the growing season (May—August) represents about 60%—70% of the annual
P, while snowfall only represents about 25%, on average. Runoff is characterized in most years by late spring or
summer peak flows with minor peaks during spring snowmelt (Devito et al., 2005; Mwale et al., 2011).

The CMw has subtle relief (average slope less than 1.4° in the study catchments); with flat to undulating plains
and hummocky uplands with Quaternary surficial deposits varying in thickness from 20 to 200 m over calcareous
bedrock (MacCormack et al., 2015). The depth of surficial geology limits surface water interactions with underlying
bedrock (Hokanson et al., 2019; Ireson et al., 2015). The surficial geology of the CMw is roughly equal portions of
fine-textured glacio-lacustrine deposits, hummocky clay-rich glacial till moraines and ice-contact landforms, and
coarse-textured glacio-fluvial and aeolian deposits (Fenton et al., 2013), with moraine deposits becoming coarse
textured (e.g., sandy moraines) in the eastern part of Alberta (Devito et al., 2017; Natural Regions Committee, 2006).
Devito et al. (2017) described three major hydrologic regions in the CMw of northern Alberta with characteristic
relief, dominant glacial surficial geology, and soil-vegetation land cover. Topographically high regions located on the
south and west fringes of the CMw are predominantly of fine-textured (carbonate-rich bedrock source) hummocky
landforms, with greater cover of deciduous forests that represent areas with low annual R (15 + 10 mm; 3% + 2% of
P). Proximal to these higher lands, regional glacial flooding resulted in low-relief, fine-textured landforms that are
associated with expansive regions of peatlands (organic surficial geology unit in Figure 1) and higher observed median
annual R (64 + 12 mm; 14% + 3% of P). The higher lands and moraines of the north-eastern portion of the CMw have
the greatest median annual R (97 + 16 mm; 21% + 4% of P) and have coarser textured landforms because the glacial
material was sourced from the nearby granitic bedrock-rich Precambrian shield (Natural Regions Committee, 2006).

3. Data and Methods

3.1. Climate and Catchment Runoff Characteristics

The 20 study catchments (50-5,000 km?) that represent the variation in climate, land cover, surficial geology, and
topography across the CMw region of central Alberta are described in Devito et al. (2017) (Figure 1 and Table 1).
Each catchment is assigned a catchment identification (CID) number. The selected 25-year hydro-climatic record
captures the full range of wet, dry, and mesic (near normal) climate patterns experienced in this region (Devito
etal., 2005; Mwale et al., 2009). Monthly stream discharges (m?® month~") from 1986 to 2010 were obtained from
the Water Survey of Canada HYDAT database (Water Survey of Canada, 2013; Table S1 in Supporting Informa-
tion S1) and gap filled for lack of winter flows and normalized into unit-area R (mm month~!) using catchment
drainage areas as described in Devito et al. (2017). Annual (water year) R (mm) was derived using monthly R
summed from November to October. Annual P (mm) was determined by distance weighting between three to
five of the closest Alberta Agriculture and Forestry Sacramento gauges (2014; alter shielded; measured twice
per year; 1 April and 31 October) to produce a continuous 25-year P record (Devito et al., 2017). Annual runoff
efficiency (RP~') was determined from the annual ratios of median R and P.

Long-term cumulative P was used to estimate catchment antecedent moisture. Previous studies have shown that soil
moisture and water levels may be poorly correlated with annual atmospheric fluxes in the BP due to the strong effects
of multiyear S surplus or deficits (Devito et al., 2005, 2012; Hokanson et al., 2021; Holecek, 1988). The 1-3-year
cumulative departure from the median precipitation (CDMP) was determined from the sum of departure Yr,,;
from 25-year median annual P (1986-2010) of each catchment (see also Hokanson et al., 2019; Winter, 2001).
Overall, the 2YrCDMP provided the best correlation with R using all catchments and years grouped (Figure S1
in Supporting Information S1) or individual catchments (Figure S2 in Supporting Information S1) and was used
to estimate catchment antecedent moisture state. Visual inspection of 2YrCDMP versus normal scores (Figure
S3 in Supporting Information S1) indicates major breaks defining years when catchments are likely to have dry
(2YrCDMP < —200 mm), mesic (—50 mm < 2YrCDMP < 50 mm), or wet (2YrCDMP > 200 mm) catchment ante-
cedent moisture states. The estimated catchment antecedent moisture state for each year was designated and a median
R and RP~! for all years with potential dry, mesic, or wet catchment antecedent moisture condition were calculated
for each catchment.
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3.2. Catchment Characteristics

For each catchment, the average slope in degrees was calculated using ESRI ArcGIS software, and the percent
fine-textured (%Fine) and coarse-textured (%CO) glacial deposits, combined to 100% coverage of each catch-
ment, were determined from Alberta Geological Survey surficial geology mapping (Fenton et al., 2013) as in
Devito et al. (2017). Three hydrologic response area (HRA) classifications were defined from coverage of coarse
glacial deposits (CO) HRA, and %Fine was subdivided into fine hummock (FH) and fine plain (FP; Table 1).
The FH and FP HRAs were previously termed as hummocky moraine and clay-plain, respectively, in Devito
et al. (2017). Moraine landforms with coarse-texture geomorphic modifiers, primarily in north-eastern Alberta,
were designated as CO HRA. Hydrologic units (HUs) that represent distinct vegetation land-cover groups were
estimated using 24 vegetation classes present in a remotely sensed (Landsat TM) Ducks Unlimited Enhanced
Wetland Classification (DUC, 2011). These classes represent the dominant land covers of open-water and marsh
(%Open_MTr), peatland and swamp wetlands (%Peat_Sw), and aspen and mixedwood forest (%Decid_Mw) as
delineated in Devito et al. (2017).

Statistical analysis using 20 catchments requires parsimonious selection of catchment variables to reduce the
potential for spurious correlations (Berges, 1997). Only two of the three defined glaciated landforms (%CO,
%FH) were used in the analyses to avoid spurious correlations. Posited conceptualizations of the water cycle for
this region (Devito et al., 2012; Ireson et al., 2015; Winter, 2001) as well as R (Devito et al., 2017), hydrogeologic
(Hokanson et al., 2019), and modeling (Hokanson et al., 2021; Smerdon et al., 2007; Thompson et al., 2015)
studies show that percent coverage of catchment coarse (%CO) and fine hummocky (%FH) HRA’s and Peat_Sw
and Decid-Mw HU’s landscape characteristics greatly influence R and RP~! responses of catchments on the
BP. The variable selection here is based on our a priori conceptual model described in Devito et al. (2012, 2017)
(Table 1), where S and transmissivity properties are expected to vary among coarse- and fine-textured landforms
(Winter, 2001), and with topology within fine-textured landforms. Differences in soil S, water use, promotion of
surface saturation, and R are expected between deciduous forests and wetland portions of the catchments.

3.3. Catchment Attributes and R and RP~! Response

Spearman’s rank correlation coefficients (r,) were initially used to assess relationships of the influence of propor-
tional cover of landform and land cover with (a) maximum and minimum R or RP~! and (b) median R or RP~!
for each designated catchment antecedent moisture state (dry, mesic, and wet). Correlations between variables
that include products (or ratios) or sums of the original variable (i.e., R or P vs. RP~!) were not conducted due to
potential spurious correlations (Berges, 1997). To avoid Type I errors associated with multiple comparisons, the
appropriate Bonferroni correction was used to assess statistical significance (Dunn, 1961; McDonald, 2008),
which was ranked as either significant if p < 0.00625 or strongly significant if p < 0.00125. Only correlations that
were at least significant are reported. All descriptive statistics and comparative analyses were conducted using R
4.1.2 (R Core Team, 2021). Forward-selection stepwise linear regression was used to assess the most important
catchment characteristics in predicting median R and RP~! for each catchment antecedent moisture state. The
stepwise function in R 4.1.2 tools was used with an entry and exit p-value for predictor variables of 0.05 and 0.10,
respectively, while simultaneously forcing predicted R and RP~! to be positive (Helsel & Hirsch, 1992).

3.4. Runoff Threshold Responses

Here, we operationally define the presence of temporal thresholds as a large change in magnitude or nonlinear
relationship between R response and change in meteorological input that may be represented by typical diagnos-
tic shape (i.e., hockey stick, gamma (exponential), sigmodal, and stepwise). We operationally define the spatial
threshold response in R as a large change in the magnitude of annual R or a difference in the P—R relationship with
proportional cover of a catchment attribute (HRA or HU). The potential presence of thresholds and basic shape of
the relationships between annual R or RP~! with annual P or 1 YrCDMP, 2YrCDMP, and 3YrCDMP for all study
catchments, specific catchment types, and with changes in proportional coverage of selected catchment attributes
were determined using a modified protocol described by Ross et al. (2021).

The range of models examined included parametric models in the curvefit (linear, power, exponential, and logis-
tic), general additive model (GAM), nonparametric local regression (LOESS) models, and finally piecewise
regression (PWR) in the segmented package (Muggeo, 2003; R Core Team, 2021). The models were compared to
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the simple linear regression model. The criterion to identify the best model fit is complicated by the fact that the
adjusted coefficient of determination (adj-R?), commonly used for goodness of fit of linear models (see also Ross
et al., 2021), is not applicable to nonlinear models. Thus, assessment of goodness of fit was based on adj-R? or
r? (pseudo R?) of correlations of predicted versus observed observations of the model. A moderate fit (adj-R? or
r? > 0.45) was required to keep the model. Visual observation of the predicted versus studentized residuals (SR,
<3) was used to assess if the data support a particular relationship or model, given the range of model types. In
comparing competing models, models with an Akaike information criterion (AIC) of more than two units below
indicate the data supported that model (Ross et al., 2021). AIC could not be calculated for the LOESS models;
the residual standard error (RSE) and visual assessment of SR plots and relative r> were used to compare with
competing models.

All linear, piecewise, and nonlinear models with associated AIC, RSE or generalized cross-validation scores
(GVC), adj-R? or r?, and SR plots were determined within the curve-fitting software (R Core Team, 2021). No
transformations of variables were conducted. Each scatter plot was fit initially using the nonparametric LOESS
function with modest smoothing (span = 0.8) and used to assess potential shape and potential break points or
threshold in the relationships. Initial break points for PWR were estimated from visual assessment of the LOESS
fitted model.

The best model fit of the competing relationships of P, 1YrCDMP, 2YrCDMP, or 3YrCDMP with R based on
AIC was used to detect P—R thresholds and further assess the importance of different cumulative precipitation
periods for estimating catchment antecedent moisture condition for all catchments together and for individual
catchment types.

3.5. Runoff Response, Catchment Attributes, and Weather Patterns

To determine the potential role of catchment attributes for generating different PR relationships that are
representative of the BP (Devito et al., 2012, 2017; Ireson et al., 2015), a subset of catchment variables,
selected a priori, was entered in the multivariate regression tree (MRT) to initially classify or define catchment
types with similar proportions of HRA and HU, and annual R and RP~! (Ma, 2018). The MRT analyses were
conducted using “mvpart” (De’ath, 2014) and the tree was pruned based on the complexity parameter (CP)
with the minimum cross-validation error (X-error). The proportional coverage of the catchment characteris-
tics at each split in the RT was used to group catchments into types. Scatter plots of the annual R from each
catchment in a group versus each of 1YTCDMP, 2YrCDMP, and 3YrCDMP were used to assess the potential
threshold relationships. Graphical analyses of quantile—quantile plot (Q—P plots) of ranked annual 2YrCDMP
and R for each catchment type were used to compare and assess interaction of P inputs with S and the resulting
magnitude and nonlinear catchment R and RP~! response within each catchment group. The interaction of
temporal and spatial threshold responses during specific annual meteorological conditions was evaluated from
the scatter plots of the relationship between annual R and RP~!. These were viewed with respect to changes
in the proportion of catchment characteristics during median dry, mesic, and wet catchment antecedent mois-
ture state. The selection of the best model fit and potential threshold responses was determined using the
criterion provided above.

4. Results and Discussion
4.1. Nonlinear and Interannual Variability in Catchment P-R Response

The patterns in annual P and R of the catchments over the study period spanning 1986—2010 are shown in Figure 2.
Atmospheric teleconnection in weather patterns resulted in periods (2—4 years in length) where annual P alter-
nated between slightly below and above the long-term median P (Figure 2a). These shorter-term weather patterns
were punctuated by a less frequent period with annual P much greater (wet) and less (drought) than the median
P, commonly observed in the continental climate of the glaciated plains of western Canada (Carrera-Hernandez
et al., 2011; Mwale et al., 2009; Thompson et al., 2017). Although large variability in R was observed among
catchments for individual years (to be discussed in the next section), there were no years where maximum R and
RP~! exceeded 350 mm and 0.5, respectively. In eight catchments, the maximum R and RP~! did not exceed
200 mm and 0.3, respectively, during the study period. The low maximum R and RP~! reflects the small differ-
ence between MAP and PET and the control of ET and large S of the BP regions (Buttle et al., 2005; Devito
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Figure 2. Time series (1986-2010) for annual (a) precipitation (P in mm), (b) runoff (R in mm), (c) runoff efficiency (RP™'),
and (d) 2-year cumulative departure from the long-term mean (2YrCDMP) in study catchments with type-defining dominant
catchment characteristics (see Figure 5).

et al., 2017). Furthermore, annual R and RP~! varied by 2-3 orders of magnitude within individual catchments
over the 25-year study period (Figures 2b and 2c¢).

Threshold responses in annual R to P are apparent across the study catchments (Figure 2). The threshold responses
were also associated with lags in R response to the current year’s P. This was most notable during the wetter
1996-1997 period and the drier 1998-1999 period, where catchments experienced greater and less than 200 mm
(~40%) departure from the long-term median P, respectively. Time lag and threshold P-R responses were also
observed in several catchments in the late 1980s and 2005—2010. The lag and threshold responses resulted in
poor relationships between annual P and R or RP~! across catchments, with greater than an order of magnitude
difference in annual R from individual catchments observed between years receiving near normal P (Figure S1 in
Supporting Information S1; see also Devito et al., 2005; Holecek, 1988).

Threshold responses were evident in all scatter plots using all years and catchments and plotting R against P,
1YrCDMP, 2YrCDMP, or 3YrCDMP. All nonlinear and PWR models evaluated showed an increase in model fit
(adj-R?) and a reduction in AIC of more than 20 when compared to the linear models for each scatter plot. The
model comparison also indicated the importance of cumulative P for BP catchments generally. Comparisons of
scatter plots using all years and catchments show that PWR models involving 2YrCDMP (Figure 3a) had the larg-
est adj-R? (0.44) and lowest AIC (4,763) in predicting R compared to PWR models involving P (adj-R? = 0.37,
AIC = 4,821), 1YTCDMP (adj-R? = 0.39, AIC = 4,808), or 3YrCDMP (adj-R?> = 0.30, AIC = 4,870). Corre-
lation analyses of individual catchments show a stronger relationship between annual R with the 2YrCDMP
compared to annual R with annual P or 1YTCDMP for all but three study catchments (Figure S2 in Supporting
Information S1).

These analyses show that, overall, the cumulative P over 2 years indicates the relative antecedent moisture
status of most catchments on the BP (Devito et al., 2005; Holecek, 1988). Annual P relative to the median was
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from the 25-year median annual precipitation (2YrCDMP) with adjusted R?
and best model fit (piecewise regression) for (a) all study catchments and years
and (b) individual relationships of the major catchment types (see Figure 5).
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not consistent among catchments, precluding direct comparison of catch-
ment moisture status by calendar year. Nonetheless, during 1996 and 1997,
the maximum annual P was observed in 1996 in many catchments, but the
maximum annual R and RP~!' was primarily observed the following year.
The 2YrCDMP was less than 200 mm in 1996 in most catchments, reflect-
ing lower P in the previous year. However, the 2YrCDMP was greater than
200 mm in most catchments during 1997, indicating wet antecedent condi-
tions (Figure 2d). These results align with those of Peters et al. (2013) and
Gibson et al. (2006) who found that a stronger relationship between annual
R and P was achieved when the antecedent year P was added to regres-
sion analyses for areas upstream of Great Slave Lake, which includes large
extents of the BP generating runoff.

For all catchments, 1998 had the lowest annual P observed during the
study period and the previous 50 years (Carrera-Hernandez et al., 2011),
but the 2YrCDMP was moderate, annual R was near the long-term median,
and RP~! was generally high, reflecting the memory and S of the previous
wet years and lag in reduction of river flow during this very low P year.
The lowest annual R and RP~! were observed in 1999 and again for most
catchments in 2002, 1-4 years after the driest year in 1998 and corre-
sponding to the lowest 2YrCDMP. Response times in R to an increase to
near normal P from 2000 to 2005 varied from 1 to 4 years following the
drought, with all catchments exhibiting increased R and RP~! by 2004 and
2005. Additionally, individual catchments showed higher RP~! during dry
years due to the lag in reduction of R until the following years, such as for
2009.

Abrupt changes of threshold P—R responses over time are expected in hydro-physio-climatic regions, such as
the continental BP where the potential S is large, due to the predominance of vertical flow in low-relief, deep
glacial deposits with respect to relatively small differences (10%) in MAP and PET (Jackson et al., 2009; Ross
et al., 2021; Zhou et al., 2015). This study illustrates the importance of interactions between annual distribution
of P with catchment S and antecedent condition (estimated catchment antecedent moisture) that can influence R
at meso-scale catchments across the BP of Alberta, resulting in orders of magnitude variation in R or RP~! with
average P, as observed in smaller headwater catchments on the BP (Devito et al., 2005; Holecek, 1988).

Annual R (mm)

300+

N
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Figure 4. Annual runoff (R mm) relative to the month with the maximum runoff (R) for that individual year for all study

catchments.
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Figure 5. Multivariate regression tree (MRT) model predicting annual runoff (R) using dominant landforms (%FH, %CO)
and land cover (%Peat_Sw, Decid_Mw). Sample size, n = 20 catchments with n = 500 annual R. Colored squares represent
splitting and terminal nodes, respectively, and numbers within node symbols indicate group average runoff (mm) and sample
size (n) for the listed catchments in each node. For conditions at each branch, move to the left.

The observed nonlinear P—R response and large interannual variability in R are further enhanced by the domi-
nance of summer P in continental Boreal catchments. In this study, years with high magnitude R were associated
with summer months experiencing large R. In contrast, years when spring melt dominated the seasonal flow, due
largely to minimal summer R, the overall annual R was low (Figure 4). Although runoff efficiencies are gener-
ally greater following snowmelt, in contrast to snow-dominated regions, the overall contribution of snowmelt
to annual R is low in the study catchments (Redding & Devito, 2010). Accumulation of snow water equivalent
(CMw median = 120 mm) is low relative to potential soil and depression S (Redding & Devito, 2011), and there
may also be considerable loss to groundwater recharge (Smerdon et al., 2008) resulting in minor snowmelt peaks
in annual hydrographs in most years for BP catchments, as observed in summer P-dominated montane catch-
ments (Goodbrand et al., 2022). Cyclonic summer patterns across the BP result in considerable range in magni-
tude, timing, and spacing of rain events, leading to dynamic antecedent moisture conditions that are synchronized
with maximum rates of catchment ET (Devito et al., 2005; Mwale et al., 2011; Wells et al., 2017). Individual
summer rain events large enough to exceed forest soil S are rare (Redding & Devito, 2008). Exceedance of soil
S to generate R for extended periods is contingent on a cumulative surplus from multiple rain events, often from
the previous years, particularly following extended dry periods where a memory of soil moisture S deficit can be
substantial (Devito et al., 2005; Holecek, 1988).

Although the overall R generated is low, the expectation of potentially 2 orders of magnitude variability in R to
a similar magnitude in annual P and the strong nonlinear response to the current year’s P amount present chal-
lenges for anticipating and managing river flows. The observed relationship with 2YrCDMP is largely empirical
but appears to represent an effective measure, albeit a coarse average, for determining antecedent moisture state
for catchments in the BP. Application of 2YrCDMP or another cumulative climate index can aid in directing the
timing of resource extraction activities to mitigate land use impacts on streams (Donnelly et al., 2016; Spafford
& Devito, 2005), assessing long-term river flows for water security (Smerdon et al., 2009) or managing river and
floodplain habitat (Peters et al., 2022) on the BP.
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4.2. Catchment Characteristics and Runoff Relationships
4.2.1. Contrasts in Catchment Characteristics

The large variability observed in annual R and RP~! among catchments, in contrast to the variability in annual
P and 2YrCDMP, illustrates the large control of heterogeneity in catchment characteristics and S on annual R
behavior (Figure 2 and Table 1). The MRT analyses of the four a priori selected catchment characteristics against
annual R produced four splits (X-error = 0.662, CP = 0.012) with a variable importance rank of FH (34%), Peat_
Sw (24%), Decid_Mw (22%), and CO (20%; Figure 5). The sample size (n) and mean R for each node provided
in the MRT analyses correspond to the values for grouping of the specific catchment listed in each node. The
proportional coverage of the catchment characteristics used at each split in the MRT provides a base for grouping
catchments (see Table 1) on R regime, and comparison of these groups provides insights into the type of catch-
ment function and threshold responses.

Catchments with >28% FH (node 1) coverage had the lowest overall R and RP~!, representing seven catchments
dominated by FH terrain (Table 1). Of these, R was 3—4 times greater in catchments with >27% Peat_Sw cover.
Thus, three catchments were classified as dominant FH, and the remaining four catchments with a combination
of FH HRAs with considerable Peat_Sw HUs (FH_PT). The greatest overall R and RP~! were observed in five
catchments with >37% Peat_Sw (node 2) and >33% CO HRA coverage, labeled as CO_PT in Table 1. In six
catchments with moderately high R, Peat_Sw was the dominant cover (PEAT). The two remaining catchments
with lower FH and Peat_Sw coverage had a range of characteristics that did not readily fit into a catchment group,
with CID 23 (DC) primarily dominated by Decid_Mw cover and CID 10 (CO_DC) with large %CO HRA and
Decid_Mw coverage. For the following comparisons, CID 23 was included with the FH_PT catchment type and
CID 10 with the CO_PT catchment type.

The four catchment types or groups depicted by the MRT (FH, DC, PEAT, and CO_PT) analyses are highlighted in
Figure 2 and illustrate how similarities within and differences in proportion of S and potential flow path can result
in the large variability in R versus P observed across the study catchments (see also Figure S1 in Supporting Infor-
mation S1). For all three individual catchment types dominated by fine-texture HRA, the overall goodness-of-fit
increased by more than 10% and the AIC reduced by >27 for the range of linear and nonlinear models involving
2YrCDMP in predicting R compared to the same models involving P, 1YrCDMP, or 3YrCDMP. In contrast, the R
versus cumulative P relationships for CO_PT indicate similar fits for the range of model types for the scatter plots
of annual R involving 1YrCDMP and 2YRCDMP (Figure S4 in Supporting Information S1).

Best fit models of R versus 2YrCDMP reveal the threshold magnitude, and relationships across each catchment
type differ with the proportion of HRAs and HUs, from a more linear relationship in catchments with large %CO
to a nonlinear and threshold relationship in catchments with poor drainage dominated with FH (Figure 3b). The
PWR model with two or three break points was the best model fit for R versus 2YrCDMP plots in the FT, FT_PT,
and PEAT catchments, with a reduction in AIC > 27 and increase in the goodness-of-fit >8% compared to the
simple linear model. The change in slope from the initial break points to the final was >10% in each model (Ross
et al., 2021; Figure 3b). In contrast, the simple linear model for the R versus 2YrCDMP plot of the CO_PT catch-
ments could not be ruled out. There was only a modest reduction in AIC of 3.9 and increase in goodness-of-fit of 3%,
and differences in slope of <3% (see Ross et al., 2021) when compared to the best fit PWR model with one break.

4.2.2. Potential Storage of Catchment Types

Further detailed examination of O—P plot analyses for the catchment types illustrates the range in S—R responses
of the BP catchments (Figure 6). The Q—P plots of the study catchments exhibit nonlinear responses with three
distinct phases of catchment moisture state: (a) no or muted R response to increased 2YrCDMP (driest), (b) slow
and nonlinear rise in annual R with increase in 2YrCDMP, and (c) larger and tending to linear increase with
higher 2YrCDMP (wettest). The response of each catchment group differed in magnitude and extent of minimum
annual R in phase 1, and the value of 2YrCDMP in which phase 2 or 3 was initiated influenced the magnitude of
R during wetter conditions (e.g., 2YrCDMP at 200 mm; Figures 6a—6d).

The best fit PWR model relative to the simple linear model, estimated break points (psil, psi2, psi3), and slopes (m1,
m2, m3, m4) of the relationships between the break points are shown in Table 2 for the Q—P plots for each catchment
type shown in Figure 6. In the three FH catchments with FH > 45%, Decid_Mw > 30%, and with limited Peat_Sw
coverage <25% (CID 18, 19, and 20), no or muted R response (m1 = 0.007) was observed until the 2YrCDMP
exceeded approximately —90 mm, which was followed by a slow rise in R (2 = 0.056) to about +80 mm 2YrCDM,
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Figure 6. 2YrCDMP-runoff Q—P plots for the 20 study catchments designated into 4 catchment types (C_TYPE) based on regression tree analyses (see Figure 5). Note
the different scale for (a) fine hummock (FH) catchment type. Numbers = catchment identification (CID; see Table 1). Shown is the best fit piecewise regression model
for each catchment group, with estimated break points as dashed vertical lines. Catchment CID10 (CO_DC) was not included in piecewise regression (PWR) analyze of

CO_PT.

after which there was a more rapid (m3 = 0.236) and linear increase with further increase in 2YrCDM. The average

median annual R of the three catchments was 11 + 3 mm, the R response to 2YrCDMP at 200 mm (wet catchment

antecedent moisture state) was at or below 35 mm, and maximum R was low, ranging from 60 to 90 mm.

FH_PT catchments (CID 7, 8, 15, and 21), characterized by >30% FH but with substantial %Peat_Sw coverage
(>27%), were also associated with fine-textured HRAs with large coverage of aspen mixed forests (Table 1).
Catchment CID 23 is plotted in this group due to the similar response. Although CID 23 has lower %FH (13%),
it has substantial deciduous mixed forests in combination with fine-textured HRA which is associated with Peat_

Sw coverage. The PWR analyses of the O—P plots show threshold breaks with large changes in slope that vary in

response among catchment types indicating contrasts in S and surface connectivity with potential differences in

Table 2

Best Fit Models for O—P Plots of the Four Catchment Types in Figure 6

Model

AIC AAIC RSE

RZ

Adj-R?

Inter

ml

psil

m2

psi2

m3

psi3 m4

FH PWR2

FH_PT PWR2
PEAT  PWR3

CO_PT PRWI

308 -214 195
St. err

962 91 12.88
St. err

1,274 =59 19.52
St. err

1,043 -5 18.23

St. err

0.99

0.88

0.88

0.88

0.98

0.88

0.88

0.88

231
1.29
8.39
8.32
3891
13.79
99.14
3.71

0.01
0.01
0.02
0.03
0.09
0.06
0.23
0.03

-91.1
19.9
—129.6
75.0
—140.6
35.6
3.1
53.7

0.06
0.01
0.11
0.07
0.32
0.04
0.33
0.02

81.6

5.0
—4.4
249
81.3
20.6

0.24
0.01
0.33
0.01
0.75
0.12

218.5 0.20
279 0.06

Note. Piecewise regression (PWR) models with two or three breaks had the best fit for all four catchment types. Delta(A)
Akaike information criterion (AIC) is PWR model AIC relative to the fitted linear model AIC, RSE, residual square error,
and coefficient of determination (R?) and adjusted R? (adj-R?). Intercept (Inter) of the fitted model and estimated break points

(psi) and slopes (m) of segments with standard errors (st. err).
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configuration of FH landforms and Peat_Sw cover types (Figure 6). In contrast to FH class, R > 5 mm was initiated
with lower 2YrCDMP (<—130 mm) values, followed by a low rate of increased R (m2 = 0.11) when 2YrCDMP
ranged from —130 mm to about 0 mm. This was then followed by a steeper and more linear rate of increasing R
(m3 =0.33) in response to an increase in 2YrCDMP. The rate of increase in R was greater than the FH group with
larger 2YrCDMP. The median annual R was 37 + 8 mm and ranged from 75 to 125 mm at 2YrCDMP of 200 mm.

For PEAT catchments with a large proportion of Peat_Sw (>40%) and limited coverage of FH or CO HRAs (CID 6,
9,13, 14, 16, and 17), the Q—P plots overall show four phases (sigmodal like curve) of R response. All catchments
had some annual flow at the driest 2YrCDMP, albeit low (5—-14 mm), with limited increase in R (m1 = 0.09) with
increase in 2YrCDMP to —140 mm. During more mesic periods, R responses across PEAT catchments occurred
in two steps, with a moderate increase in R (m2 = 0.32) followed by a much steeper increases (m3 = 0.75) in
R at about —150 to 80 mm and then to 220 mm 2YrCDMP, respectively. Rates of increase appeared to reduce
(m4 = 0.20) during the highest 2YrCDMPs. The average median R for group PEAT was 76 + 14 mm and annual
R at the wet antecedent moisture state (2YrCDM = 200 mm) were the highest (170-210 mm).

CO_PT catchments, with large portions of CO HRA (>33%) and extensive Peat_Sw coverage (>37%), show
consistently greater annual R (20-50 mm) during the driest conditions. In contrast to the other catchments,
considerable increase in R (m1 = 0.23) was observed during the lowest to about 0 mm 2YrCDM, followed by a
modest increase of 10% in slope (m2 = 0.33) with higher 2YrCDMP. The linear increases in R with 2YrCDMP
were somewhat moderated compared to the PEAT catchments. Group CO_PT catchments had the greatest mini-
mum flow and average median R magnitude of 107 + 12 mm, and ranged from 110 to 200 mm at wet 2YrCDMP
of 200 mm. The CID 6 with 47% CO HRA but significant %FH and Decid_Mw coverage (group CO_DC) shows
a nonlinear increase in R with moisture states ranging from dry to mesic.

4.2.3. Runoff Behavior and Catchment Types of the BP

The above analyses highlight the importance of classifying hydro-climatic catchment’s R response behav-
iors, not only globally (Wagener et al., 2007) but also within close geographical location with similar climate
(Winter, 2001). Compared to other Boreal catchments, the role of BP catchments is largely to resist the transfer
of P to R. This functional trait of resistance (Carey et al., 2010) is due in part to the overall low relief, poor
drainage efficiency, deep glacial deposits in conjunction with low annual P that is similar in magnitude to the
catchment S, and PET (Ross et al., 2021). Although unexclusive, the P—R responses of BP catchments also
suggest that they have lower resilience—the ability of catchment R to adjust to and/or recover from perturbations
(Carey et al., 2010) when compared to other Boreal physiographic regions. This is indicated by the occurrence of
thresholds in runoff responses to both drought and wet conditions in most catchments. However, although overall
R is low in the BP, there was a wide range in magnitude of R and linearity in response that indicate differences
in resistance and resilience functionality to interannual variability in P of the study catchments. MRT classifi-
cation and visualization of Q—P plots identify commonalities or hydrogeologic response “type” of catchments
that relate three major hydrologic regions in the CMw of central Alberta described by Devito et al. (2017). The
interpretation of O—P plots is useful to further explore catchment groupings and functional relationships of traits
(Carey et al., 2010; Ross et al., 2021) with respect to the potential type of drainage network and both active (i.e.,
short-term) and total S (Devito et al., 2005; McNamara et al., 2011) that arise from the interaction of climate,
relief, and deposition of the three dominant glaciated landforms (Eyles et al., 1999; Fenton et al., 2013) and
provide further support for delineation of HRAs (Devito et al., 2005, 2017, Ireson et al., 2015; Winter, 2001).

Runoff regimes from catchments dominated with fine-textured HRAs (groups FH and FH_PT) provide an estimate
of the relative influence of depression S where a large fraction of P is removed from regional R by indirect S and
ET (Ross et al., 2021). FH HRAs largely developed by stagnating ice during glaciation and large fields occur across
the Boreal and Prairie Plains (Atkinson et al., 2014; Eyles et al., 1999). Deposition and irregularities in glacial
ice-block melt processes produced large soil and depression S, in tandem with poor drainage networks. These
factors result in the greatest resistance to transfer of P to discharge of all catchment types. Measurable R responses
are limited to periods with large cumulative regional moisture surplus. These catchment types behave similar to
low-relief, poorly drained continental Prairie and aspen Parkland catchments with limited effective catchment
area, and threshold R responses indicating “fill-and-spill” R regimes, and long hydrologic memory of droughts
(Ehsanzadeh et al., 2012; Mwale et al., 2011; Ross et al., 2021; Shaw et al., 2012). Extensive aspen forest coverage
on the BP influences winter soil frost, reducing snow drifting and increasing snowmelt infiltration (Redding &
Devito, 2008, 2011). This will further increase potential depression and surface S and actual ET by deep root uptake

DEVITO ET AL.

13 of 22

85US0| 7 SUOWILIOD BAIER1D) 8(cedt|dde Ly Aq peusenob ae S9ILe YO ‘88N JO SN 10} AReiq1T 8UIUO AB]IA LD (SUONIPUOD-PUE-SWLIBI 00" A8 | 1M Ae1q]1[Bul|Uo//SANY) SUORIPUOD Pue SLs | 8y} 88S *[£202/TT/OT] Uo Aflqiauluo AB|IM ‘Wes | SeLS puy se0Incseig weyBuiwlg JO AVSRAIIN A 26/ 7E0HMEZ0Z/620T 0T/10p/wod’ A im Areiqijeuluo'sgndnBe//sdiy woy pepeojumod ‘TT ‘€202 ‘S26.7v6T



A7oN |
MN\\JI
ADVANCING EARTH
AND SPACE SCIENCES

Water Resources Research 10.1029/2023WR034752

(Hokanson et al., 2021), thereby further decoupling R responses to P and increasing the catchment resistance
function (Carey et al., 2010) which results in lower magnitudes in maximum R when the “spill” thresholds occur.

In contrast to the Prairie systems, peatland coverage in cooler BP climate minimally covers ~20% of
specific catchments and can exceed 50% even in fine-textured aspen-dominated hummocky terrain
(Natural Regions Committee, 2006; Table 1). Peatland—aspen hillslope interactions at local scales (Hokanson
et al., 2020) appear to counter some of the catchment S (i.e., Group FH_PT), decreasing resistance in the
conversion of P to R as observed with lower R thresholds in catchments with large proportions of both
FH and peatland coverage. The lower resistance to flow and threshold responses may result from both R
responses in forest soils (Redding & Devito, 2008) and lower thresholds required for fill-and-spill responses
with shallower peat filled depressions and peatland networks that have a more direct route to the catchment
base. Nevertheless, catchments with large proportions of FH are clearly influenced by large total S and longer
memory, enhanced by plant water uptake (Hokanson et al., 2021) in forest soils, that results in relatively high
resistance to flow. Although not directly related, the high frequency of near zero flow years, large threshold
behavior, and relatively inconsistent P—R relationships across years in functional response indicate that these
catchments also have lower resilience to perturbations compared to catchments dominated with other land-
form types.

Decreased resistance to flow, in particular initiation of increased RP~' at lower moisture accumulation
(2YrDMP < 100 mm), is observed in catchments dominated by fine plain HRAs and large peatland coverage (group
PEAT). The increased response of R to P occurring at a lower threshold in cumulative P indicates that the overall
S is smaller and the memory shorter, and thus the catchment resilience to weather patterns is greater compared to
catchment dominated with hummocky terrain. Extensive peatlands formed in areas with deposits from actively
flowing ice lobes and glacial-lacustrine regions that result in increased surface drainage over large regions of central
Alberta (Atkinson et al., 2014; Eyles et al., 1999). The high water-holding capacity of peatland and swamp soils
reduces active S, promoting near-surface saturation and R generation (Devito et al., 2017; Hokanson et al., 2021).
Peatland development can further increase drainage networks and decrease resistance through increased terrestrial-
ization of depressions (reduced S) and surface connections of larger areas by paludification (Hokanson et al., 2019).
Furthermore, thermal properties of peat promote frost lenses that strongly limit S and result in decreased resistance,
particularly during periods of snowmelt and late spring or early summer rain events (Petrone et al., 2008; Smerdon
& Mendoza, 2010; Thompson et al., 2015). However, the observed threshold relationships indicate that lower peat-
land antecedent moisture in conjunction with low relief provides considerable S and resistance of R to P during drier
periods of lower cumulative P and, likewise, may reduce catchment R resilience to drought conditions.

Catchments associated with large areas of glacio-fluvial plain landforms and coarse-textured moraines, typical of
eastern Alberta (Atkinson et al., 2014; Devito et al., 2017; Natural Regions Committee, 2006), appear to have simi-
larly lower resistances to flow. In contrast to fine-textured landforms, increased recharge and subsurface connection
through deeper coarse deposits appear to increase base flow by adding to the drainage efficiency, resulting in the
increased consistency of flow and extending flow during dry periods. In comparison with fine-textured catchments,
where increased near-surface S may also lead to large water loss via ET, the increased role of snowmelt recharge
(Carrera-Hernéandez et al., 2011; Smerdon et al., 2008) and dynamic S in groundwater in this hydro-climatic region
increases the seasonality of R in response to P and appears to reduce resistance interannually (Buttle, 2016; Carey
et al., 2010). The linear relationship between 2YrCDMP and annual R likely relates more to dynamic S and the time
lag along subsurface flow path rather than exceeding indirect S, resulting in moderated response (higher resilience) to
extremes in cumulative annual P and greater long-term runoff compared to fine-textured catchments dominated only
with peatlands. The catchment S and R regimes in these catchments are similar to landscape interactions with lakes
and streams observed in glacio-fluvial plains (Gibson et al., 2019; Hokanson et al., 2021; Winter et al., 2003) and
coarse moraines across temperate and Boreal Canada (Buttle, 2016; Goodbrand et al., 2019; McNamara et al., 2011).

This analysis further corroborates the need for multiple conceptual hydrologic models for describing hydrologic
behavior in continental BP by illustrating the importance of recognizing heterogeneity in geology. Distinguishing
the roles played by fine- and coarse-textured landforms and topography on near-surface and subsurface flow,
and on indirect and direct S on the plains landscape is key to understanding variability in catchment R (Devito
etal., 2012; Winter, 2001). Combined with the previous long-term R analyses (Devito et al., 2017), this study also
shows the importance of peatland distribution, formation and hydraulic properties in catchment R for continental
Boreal regions as shown for other northern landscapes (Buttle et al., 2005; van der Velde et al., 2013).
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Table 3 This study not only shows that there is a large variation in long-term R

Spearman Rank Correlation Matrix of Minimum and Maximum Annual
Runoff (R) and Runoff Efficiency (RP~') Relative to Characteristics of the
20 Study Catchments

R (mm) RP!
Min Max Min Max
Slope
%CO 0.79%* 0.817+%*
%FH —0.62%* —0.76%* —0.65%* —0.74%%*
%Peat_Sw 0.67* 0.75%%*
%Decid_Mw —0.60*

Note. Probability (p) values are adjusted using Bonferroni correction;
*p < 0.0125 significant, **p < 0.00625 strongly significant. See Table 1 for
definitions of acronyms.

expected among catchments (Devito et al., 2017) but also reveals that large
interannual variation in magnitude and threshold responses among neighbor-
ing headwater and mesoscale catchments should be expected in the BP. Care
should be taken in generalizing R across circumpolar Boreal landscapes as
the order of magnitude or timing of R observed in this study is not observed
in catchments located in other Boreal physiographic regions (Ali et al., 2015;
Tetzlaff, Buttle, Carey, McGuire, et al., 2015; Tetzlaff, Buttle, Carey, van
Huijgevoort, et al., 2015). The landscape framework and catchment classes
provided here and by Winter (2001), Devito et al. (2012, 2017), and Ireson
et al. (2015), and catchment typologies presented in Ross et al. (2021), aid in
extrapolating or scaling up catchment R. These contrasts in R with HRA and
HU likely explain a large portion of apparent contradiction observed in indi-
vidual R studies of smaller headwater catchments on the continental Boreal
region (e.g., Devito et al., 2005; Holecek, 1988; Wells et al., 2017). Impor-
tantly, a large range in interannual low flow and frequency of drying should
be expected for headwater to larger (fifth to sixth) order rivers, that must
be considered in habitat management and water security (Peters et al., 2022)
and, for example, the design, construction, and reclamation of landscapes
(Devito et al., 2012; Ketcheson et al., 2016).

4.3. Shifts in Controls of Catchment Characteristics With Moisture State

Differences in the relationship of catchment HRA and HUs with minimum and maximum R and RP~! indicate
large temporal variability in the dominance of R process and overall catchment hydrologic function within the

BP. Considerable range in minimum R (<0.1-50 mm) and RP~! (<0.01-0.11) was observed across catchments

during the study period (Table 1). The relationship for catchment R, and RP~!
tionship with %CO (Table 3). In contrast, R

showed a strong positive rela-

min

and RP~!_were not significantly related to %CO, but rather the

max

relationship shifted to a strong positive and negative relationship with Peat_Sw and FH coverage, respectively.

RP~!, . were also negatively correlated to Decid_Mw cover.

The dominance of catchment properties and magnitude of influence on R and RP~! differ, or shift, with changes in
estimated catchment antecedent moisture. The median annual R and RP~! from each catchment in a mesic anteced-
ent moisture state (—50 > 2YrCDMP < 50 mm) ranged widely from 4 to 125 mm year~! and 0.01 to 0.26, respec-
tively (Table 1). With a shift from dry to mesic estimated catchment antecedent moisture states (and further wet
states), the positive relationship between R and RP~! with %CO drops and strong positive and negative correlations
between %Peat_Sw and %FH cover, respectively, develop (Figure 7 and Figure S5 in Supporting Information S1).
Responses of R and RP~! linearly increase with increased %Peat_Sw during wetter periods. The relationship with
FH decreases exponentially with little influence on catchment R and RP~! with less than 20-30 %FH coverage.
Based on stepwise regression analyses, the best predictor on catchment R (AIC = —105, adj-R?* = 0.61) and RP~!
(AIC = —121.9, adj-R? = 0.67) shifts to %Peat_Sw and %FH during mesic catchment antecedent moisture states.

Although catchment R and RP~! are greater during wet catchment antecedent moisture states, compared to mesic

antecedent states, the linear relationship of Peat_Sw and step function in %FH with R or RP~! observed during
mesic states remains during wet states (Figure 7). However, all catchment parameters except %CO were corre-
lated with catchment R responses (Table 4). Interestingly, a significant negative relationship is observed between
both catchment slope and %Decid-Mw during periods where the estimated catchment antecedent moisture is wet,
while no significant relationship is observed during periods when catchment antecedent moisture is estimated to
be mesic or dry. Clear parameter selection to predict R or RP~! during wet catchment antecedent moisture states
was difficult to ascertain using stepwise regression and a four-parameter model is indicated to predict catchment
R (AIC = 151, adj-R? = 0.55) and RP~! (AIC = —112, adj-R? = 0.58).

The control of weather patterns on how landscape characteristics influence R generation in the BP hydro-physio-cli-

matic region is large. A first-order control of %CO was statistically selected for minimum flow in the study catch-

ments. Similar relationships have been found between low annual flows or summer baseflow and % coverage

of sandy till in glacial deposition regions (Winter, 2001; Winter et al., 2003) and bedrock-controlled landscapes
(Buttle & Eimers, 2009; Tague et al., 2008; Tetzlaff et al., 2009), respectively. The physiographic controls of
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Figure 7. Pairwise comparison of median annual catchment runoff efficiency (RP~!) during dry (2YrCDMP < —200 mm),
mesic (=50 mm > 2YrCDMP > 50 mm), and wet (2YrCDMP > 200 mm) estimated catchment antecedent moisture states
relative to % coverage of HRAs and HUs by row: (a) %CO (orange), (b) %Peat_Sw (blue), (c) %FH (dark green), and (d)
%Decid_Mw (green). Best fit models shown as dashed line with adjusted coefficient of determination (R?) or correlation of
predicted versus observed (7).
coarse-textured landscapes for increased recharge and groundwater connectivity to main rivers occur during all
climate cycles (Smerdon et al., 2008); however, their dominance in maintaining annual flow is expressed during
periods of large moisture deficit. This study period represents some of the lowest flows of the century in the BP,
and extended drought conditions have occurred with a 17 to 34-year periodicity (Carrera-Hernandez et al., 2011;
Mwale et al., 2009). Extreme low flows during droughts were associated with catchments dominated by fine
Table 4
Spearman Rank Correlation Matrix of Median Annual R During Wet, Mesic, and Dry Moisture States and Percent Cover
Characteristics of the 20 Study Catchments
Median R (mm) moisture state Median RP~! moisture state
Dry Mesic Wet Dry Mesic Wet
Slope —0.67*
%CO 0.81%* 0.80%*
%FH —0.80%* —0.75% —0.77%* —0.76%*
%Peat_Sw 0.77%* 0.68%* 0.79%* 0.76%*
%Decid_Mw —0.65* —0.74%
Note. Probability (p) values are adjusted using Bonferroni correction; *p < 0.0125 significant. **p < 0.00625 strongly
significant. See Table 1 for definitions of acronyms.
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texture with large areas of either FH and Decid_Mw or Peat_Sw land covers. A negative influence of FH is
expected due to large indirect S and reduction of effective catchment area associated with poor surface connec-
tivity (Devito et al., 2017; Ehsanzadeh et al., 2012). Feedbacks in peatlands, with their high holding capacity
soils combined with their low relief, likely limit subsurface water movement to sustain baseflow during extended
droughts in the BP, particularly compared to streams connected to coarse deposits (Thompson et al., 2017). This
contrasts with the observed function of peatlands in sustaining stream flow during drought observed in higher
gradient humid regions (Carrer et al., 2015; Flynn et al., 2021; Gracz et al., 2015); although humid Boreal regions
are not likely to experience the cumulative moisture deficit experienced in this study on the BP.

The shift to dominant control of the interactions of Peat_Sw and FH cover on catchment R during mesic antecedent
moisture conditions represents the average or normal long-term controls and conditions for BP catchments (Devito
et al., 2017). The influence of Peat_Sw cover on catchment responses indicates the short-term memory of drought
in peatlands due to lower effective soil S, reconnection of drainage networks, and near-surface contribution of
peatlands to R that appear to overwhelm subsurface contributions from coarser deposits (Thompson et al., 2015).
The concurrent negative relationship between R response and %FH reflects the longer memory of depression S
of deciduous forest soils and poor drainage noted previously. Similar behavior has been observed in other Boreal
hydro-physio-climatic regions where spatial integration of peat-dominated soils and well drained forest soils, with
large contrast in S properties and water transmission, has been shown to influence the spatiotemporal variation
in catchment R responses (Blumstock et al., 2016; Carrer et al., 2015; Karlsen et al., 2016; Tetzlaff et al., 2009).

The continuation of the interactive influence that Peat_Sw and FH have on maximum catchment R magnitude and
RP~! during wet estimated antecedent moisture conditions on the BP was not expected. The influence of landscape
heterogeneity on basin stormflow generally declines as event size increases (Buttle & Eimers, 2009) as various S
components controlling P—R relationships are exceeded (Carrer et al., 2015), at least for humid, higher relief land-
scapes with shallower soils. In contrast, it is apparent that during wet years, regional scale S and long-term memory
in forests and FH landforms can accommodate cumulative moisture inputs observed in the BP ecophysiographic
subregion of the Boreal forest and continue to influence P—R relationships. Furthermore, although autocorrelated
to some degree, the negative influence on higher R during wet years of deciduous forests, open-water wetlands, and
slope associated with FH is manifested. This study also includes one of the wettest periods of the last century for
this region (Carrera-Hernandez et al., 2011; Smerdon et al., 2008; Thompson et al., 2017). Although infrequent,
wet conditions offset dry periods, recurring every 17-34 years in northern Alberta (Mwale et al., 2009, 2011).
Fine-textured hummocky moraines are ubiquitous at both the ecoregion (Figure 1; see also Devito et al., 2017;
Eyles et al., 1999) and local scale (Hokanson et al., 2019) and it is apparent these landforms can influence P—R
relationships in catchments during all regional moisture conditions (Devito et al., 2005; Holecek, 1988).

This intercatchment comparison is one of the first studies to illustrate how the role of landscape heterogeneity
and the interaction of different S and connectivity on the nonlinearity of interannual R response and overall func-
tional traits of catchments (McNamara et al., 2011) can shift dramatically with weather patterns, both within and
between catchments in a physio-climatic region characteristic of the BP. The importance of longer-term oceanic
patterns affecting continental weather oscillations and the interaction with shorter and local weather patterns on
regional atmospheric moisture and response of catchment R has been long recognized (Basu et al., 2020; Mwale
etal., 2011). However, the focus has largely been on intra-annual variability of R responses and timing of land use
changes with teleconnection weather patterns of individual catchments (Goodbrand et al., 2022) or the variability
between ecoregions, rather than comparing catchment responses within a region (MacCulloch & Whitfield, 2012).

Regions with subhumid climates (MAP within +10% PET) respond proportionally greater to small changes
in interannual P making catchment R particularly susceptible to alterations in land use and climate change
(Cowood et al., 2017; Jackson et al., 2009). The interaction of subhumid climate and teleconnection weather
patterns (Mwale et al., 2009, 2011) with heterogeneity in geology and land cover can result in large spatial and
temporal variability in magnitude and threshold R response. Thus, large differences in catchment R behavior
may be observed in neighboring catchments experiencing similar annual PET and P in the BP due to differences
in antecedent moisture conditions with cumulative wet or dry periods. Quantifying and extrapolating the influ-
ence of variability in catchment characteristics and functional traits on P—R relationships on the BP requires a
thorough understanding and quantification of regional weather patterns and the moisture state of the catchments
prior to and during hydrologic observations. This study highlights and provides context for water-limiting and
low-relief physiographic regions with overall large and variable system S and memory that are not well repre-
sented in intercatchment comparisons in developing catchment classifications (Bracken et al., 2013; Tetzlaff,
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Buttle, Carey, McGuire, et al., 2015), directing regional modeling (Faramarzi et al., 2015) and environmental
management efforts at regional scales (Cowood et al., 2017; Klaus et al., 2015; G. Sun et al., 2011; Tetzlaff
et al., 2010).

4.4. Circumpolar Catchment Runoff

The relatively large contrast in climate, geology, and relief across the circumpolar Boreal points toward a need to
distinguish regions that are relevant to the scale of ecohydrological processes, management activities, land cover,
and climate change (Ireson et al., 2015; Stalberg et al., 2022). The type and range of functional traits, low RP~!, and
intercatchment variability in threshold P—R responses observed in this BP intercatchment study were not captured
in an intercomparison of near circumpolar northern catchments (i.e., North Watch) which included Cordilleran and
Precambrian shield Boreal sites (Ali et al., 2015; Carey et al., 2010; Tetzlaff, Buttle, Carey, McGuire, et al., 2015;
Tetzlaff, Buttle, Carey, van Huijgevoort, et al., 2015). These near circumpolar comparisons highlighted a range of
R-S responses in catchments located primarily in humid snow-dominated climates, with relatively shallow soils or
cooler regions dominated by permafrost. The BP represents about 25% of the total Boreal Forest in Canada, and
with inclusion of the Taiga Plain, water-limited low-relief Plains regions represent over 40% of Boreal Canada.
Physiographic regions similar to the BP in this study cover large areas of the Boreal in continental northern Eurasia
(Binney et al., 2017). Such subhumid plains regions are susceptible to the cumulative effects of extensive land
use, associated with energy (e.g., oil and gas) and forestry activities, fire disturbance, and climate change, lead-
ing to concerns for water allocation and long-term security of water resources (Ireson et al., 2015). Frameworks
and catchment classifications for understanding and articulating the variability in catchment hydrologic function
across the Boreal should distinguish regions with similar teleconnection weather patterns, geology, soils, and relief
that have a large influence on catchment hydrologic S and memory (Klaus et al., 2015; Winter, 2001).

5. Conclusions

Generally, BP catchments strongly resist transfer of P to catchment R due to the nexus of relatively low P
inputs, even during “wet” periods, low relief with poor drainage networks, large S capacity of glacial depos-
its, and the dominance of summer rainfall synchronized with forest growth. Runoff is low compared to other
northern latitude hydro-physio-climatic regions (Buttle et al., 2005) and, thus, the wide array of R magnitude
and threshold responses to interannual variability in P and magnitude of low and maximum flow associated
with cumulative dry and wet moisture conditions observed in neighboring catchments have important impli-
cations for predicting and managing river ecohydrology. This intercatchment study supports current models
for conceptualizing ecohydrologic interactions in continental glaciated landscapes where contrasts in fine-
versus coarse-textured substrates and topology of glaciated landforms influence the type and magnitude of S
and hydrologic connectivity within the catchments (Ireson et al., 2015; Smerdon et al., 2009; Winter, 2001).
This study further introduces the importance of peatland and swamp land covers as source areas of R gener-
ation in contrast to deciduous forest’s S control on catchment R behavior and function. Four general types
of R behavior with cumulative P observed in this study were associated with landform and land-cover char-
acteristic and catchment traits that are representative of the BP (Atkinson et al., 2014; Ireson et al., 2015;
Natural Regions Committee, 2006) and other northern plains landscapes (Pravetz et al., 2015; Schoeneberger
& Wysocki, 2005; Winter, 2001; Zhou et al., 2015). The relationships and classification derived here could
be used to estimate spatiotemporal variation in stream flow behavior of many continental and plains Boreal
regions around the globe. These conceptual models are arguably more relevant to the scale of land-cover
changes (e.g., mining, forestry, and wildfire) and better aid in directing land use and land reclamation manage-
ment practices compared to those developed separately in smaller more homogenous catchments or from other
physiographic regions of the Boreal.

Data Availability Statement

The catchment land form and cover are provided in Table 1 and Table S1 in Supporting Information S1, as
well as Devito et al. (2017). The basic river flow data can be downloaded from Water Survey of Canada
HYDAT database (https://wateroffice.ec.gc.ca/) using the station identification numbers provided in Table S1
in Supporting Information S1. The annual runoff, cumulative departure from long-term precipitation median,
geologic, and land-cover data used have been uploaded to www.Zenodo.org, link: https://doi.org/10.5281/
zenodo.8361601.
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