
1.  Introduction
Understanding relationships between hydrologic event response dynamics and solute export is of critical 
importance, as more solutes are typically transported from streams during transitory high-flow events com-
pared to baseflow (Horowitz, 2013; Inamdar & Mitchell, 2006; Inamdar et al., 2006; Long et al., 2015; Mac-
rae et al., 2007; Raymond & Saiers, 2010; Swistock et al., 1997). Relationships between hydrologic response 
and solute concentrations during hydrologic events are dynamic, nonlinear, and highly variable (Pellerin 
et al., 2012) and stream loads are strongly dependent on storm characteristics and antecedent conditions 
(Inamdar et al., 2004, 2006; Oswald & Branfireun, 2014). Insights into biogeochemical processes, includ-
ing diagnostics and predicting solute mobilization and export, can be reached by evaluating catchment 
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hydrologic response to meteorological inputs across multiple rainfall-runoff events (Creed & Band, 1998; 
Inamdar & Mitchell, 2006).

Analyses of catchment hydrologic response to individual rainfall events have informed hypotheses of catch-
ment function and provide insights on runoff generation processes and their temporal dynamics (Blume 
et  al.,  2007; McDonnell et  al.,  2007; Tarasova et  al.,  2018). The variability of runoff response to rainfall 
events influences both downstream water and solute delivery (James & Roulet, 2007; Stieglitz et al., 2003; 
Tarasova et al., 2018). A wide range of response metrics can be derived during rainfall-runoff analyses that 
show the influence of physiographic and climatic controls on hydrologic responses (Te Chow, 1959) and 
provide first-order information on hydrologic function (Carey & Woo, 2001; Ross et al., 2019; Tang & Car-
ey, 2017). These metrics quantify the magnitude and timing of response and may contribute to enhancing 
biogeochemical process understanding.

Previous work evaluating biogeochemical processes at the rainfall-runoff event scale has shown that the 
expression of some solutes may vary seasonally, especially with changes in antecedent conditions, and char-
acteristics of rainfall-runoff events (Inamdar et al., 2004). Stream solute dynamics at catchment outlets are 
a function of interactions between transport via hydrological flowpaths and the characteristics of source 
areas of solutes across the catchment (Basu et al., 2010). Both source and transport dynamics vary in space 
and time, which gives rise to complex relationships. Source characteristics that influence this relationship 
include the spatial arrangement of locations throughout the catchment (McGlynn & McDonnell, 2003); the 
biogeochemical environment of the source location (e.g., redox conditions which lead to consumption or 
production of the solute; McClain et al., 2003); how biologically reactive the solute is (Duncan et al., 2017); 
and the ratio of supply to demand of the particular solute (Creed et al., 1996). While these source areas 
can occur heterogeneously throughout the catchment, the riparian or near-stream zone is often a critical 
control point for determining stream solute patterns (Allan et al., 1993; Casson et al., 2019; Cirmo & Mc-
Donnell, 1997). Contrasting biologically reactive or redox-sensitive solutes (e.g., nitrate; NO3-N) with less 
reactive solutes (e.g., chloride; Cl) can help to tease apart the relative influence of hydrologic versus bioge-
ochemical controls on patterns of stream solute chemistry (Moatar et al., 2017).

Motivation to better understand relationships between event hydrologic response and solute export is inten-
sified by observed shifts in hydrologic regime related to climate change (Whitfield & Cannon, 2000). In the 
boreal region, these changes are especially impactful, as the seasonal streamflow regime exhibits considera-
ble inter-annual variability and is susceptible to climate-related stressors (Woo et al., 2008). By characteriz-
ing and comparing rainfall-runoff response for multiple catchments, we can evaluate catchment resilience 
to stressors that influence streamflow and related processes (Carey et  al.,  2010). Such comparisons can 
also contribute insights into the relative importance of dynamic, climate-related controls, and fixed phys-
iographic controls on catchment response (Devito et al., 2005). While there are benefits to understanding 
relationships between hydrologic response dynamics and solute export at the event scale, such analyses 
require high-frequency data and considerable effort. The scarcity of long-term high-frequency datasets and 
automated tools for event delineation have impeded efforts to explore these relationships. This paper aims 
to help resolve this knowledge gap by assessing event-scale hydrologic dynamics and event solute loads 
using long-term data from three boreal Shield catchments. The focus is on three research questions:

1.  Does event hydrological response vary by catchment and/or season?
2.  Do event nitrate and chloride loads vary by catchment and/or seasons?
3.  Do events that are characterized by different hydrologic response magnitudes and timing also differ in 

terms of solute export?

2.  Methods
2.1.  Site Description

This study focuses on three small forested catchments that drain into Lake 239 (Figure 1) of the Internation-
al Institute for Sustainable Development Experimental Lakes Area (IISD-ELA), which is located approxi-
mately 55 km southeast of Kenora, Ontario, Canada (Brunskill & Schindler, 1971; Parker et al., 2009; Schin-
dler et al., 1996). These catchments are part of long-term streamflow and chemistry monitoring efforts. Soils 
of the area are primarily thin (<1 m in depth) orthic brunisols that cover pink Precambrian granodiorite 
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(Brunskill & Schindler, 1971; Parker et al., 2009). These catchments have not been logged or managed, but 
forests have been affected at varying degrees by windstorms and fire (Emmerton et al., 2019). In general, 
forest cover becomes denser toward the lower portions of the catchments and primarily consists of old-
grown Pinus banksiana, Picea glauca, and Picea mariana (Brunskill & Schindler, 1971; Parker et al., 2009).

The three study catchments vary in size and wetland extent. The northeast catchment (NEIF) is the smallest 
(12 ha), but has the greatest proportion of wetland (30%): a wooded Sphagnum bog at the base of the catch-
ment, surrounding the stream (Brunskill & Schindler, 1971; Parker et al., 2009; Schindler et al., 1996). The 
northwest catchment (NWIF) is medium in size (56 ha), with a gently-sloping upland and a small wetland 
(3.5%) near the catchment outlet. The east catchment (EIF) is the largest (170 ha), with a small wetland (4%) 
located in the upper portion of the catchment. The lower section of the EIF has a deeper (up to 10 m) glacial 
overburden with quaternary deposits of sand and till (Schindler et al., 1996).

2.2.  Rainfall-Runoff Event Delineation

For the EIF, NEIF, and NWIF catchments, high-frequency (HF) discharge data (10-min) and rainfall data 
(1-h) from 2001 to 2018 (except for interrupted sampling in 2008) were analyzed to identify rainfall-runoff 
events. While the data record at ELA starts in the 1970s, the HF record is only available starting in 2001. This 
period corresponds with a more intense wet period at the ELA site compared with the long-term average, re-
sulting from a positive phase in decadal climate signals as well as an increase in regional total precipitation 
(Emmerton et al., 2019). For synchronicity between discharge and rainfall, discharge data were aggregated 
to a 1-h time-step by the mean. Rainfall and runoff events were identified and matched using the MATLAB 
toolbox HydRun (Tang & Carey, 2017). Sequential rainfall observations separated by a rainless period short-
er than 24 h were considered rainfall events, and runoff events were identified based on the hydrograph 
shape (Tang & Carey, 2017). Some events were discarded since they had runoff ratios greater than one and/
or hydrograph response before rainfall, which we ascribed to delineation errors. In total, 372 rainfall-runoff 
events were retained: 106, 129, and 137 for the EIF, NEIF, and NWIF, respectively. While snowmelt is hy-
drologically relevant in the region, this research was limited to rainfall-runoff events: hydrologic responses 
initiated by snowmelt or rain-on-snow were not considered. Rainfall-runoff events were coarsely grouped 
into seasonal categories based on the event start date: events that started between May and August were 
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Figure 1.  Location of the IISD-ELA within Canada and the configuration of the northwest catchment (NWIF), 
northeast catchment (NEIF), and east catchment (EIF) catchments of Lake 239.
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considered summer events, and events that started between September and November were considered fall 
events.

2.3.  Characterization of Event Hydrologic Response

Each event was characterized using two types of hydrologic response metrics: response magnitude metrics 
(magnitude metrics) and response timing metrics (timing metrics). Magnitude metrics include the total 
event runoff (QTOT), peak discharge (QMAX), runoff ratio (RR), and initial abstraction (Iabs). QTOT was normal-
ized by the catchment drainage area. The RR represents the fraction of event rainfall that becomes runoff 
and Iabs estimates storage as the amount of rain falling before the initial hydrograph rise (Dingman, 2015). 
Timing metrics include the time of hydrograph rise (Tr), response lag (TLR), lag-to-peak (TLP), centroid lag 
(TLC), and time of concentration (Tc). Timing metrics capture durations of time between distinct features of 
the event hyetograph and hydrograph: Tr is the time from the start of the hydrograph rise to the peak dis-
charge; TLR and TLP are the durations between the beginning of rainfall and the initial hydrograph rise and 
peak discharge, respectively; TLC is the time elapsed between centroids of the hydrograph and hyetograph; 
and Tc is the amount of time from the end of rainfall to the end of the event response (Dingman, 2015). Site- 
and season-specific response metric summary statistics were computed, including measures of central ten-
dency (i.e., mean, median) and dispersion (i.e., minimum, maximum, standard deviation, and coefficient of 
variation). These summary statistics were compared to assess whether event responses varied by site and/
or season (research question 1). Differences in response metric distributions between sites and between 
seasons at individual sites were further assessed using the Kruskal-Wallis H tests (Vargha & Delaney, 1998).

Events were classified using key response metrics in an empirical classification space to identify the domi-
nant type of rainfall-runoff event for each site (Ross et al., 2019). Principal component analysis (PCA) was 
performed for each site to identify the response metrics that best illustrate response variability. PCA trans-
forms data into uncorrelated principal components (PCs), which are ordered by the amount of variance 
captured compared to the original data (Legendre & Legendre, 2012). The first three PCs were retained to 
ensure that a high percentage of the response variability was captured. For each site, the PC loadings were 
evaluated to assess the contribution of each original response metric to the variance explained by each PC 
(Legendre & Legendre, 2012; Ross et al., 2019). The response magnitude metric and the response timing 
metric with the maximum loading across the first three PCs for all sites were identified as the metrics that 
best capture response variability. These metrics were used to classify rainfall-runoff event responses using 
scatter plots showing response magnitude (x-axis) and response timing (y-axis). Notably, such classification 
spaces do not suggest causal relationships between magnitude and timing metrics. The x-axis and y-axis 
were segmented by the median of their respective response metric, leading to a four-quadrant classification 
space (Ross et  al.,  2019). For each site, events that plot in the lower left quadrant (Q1) are low-magni-
tude and fast-timing, events that plot in the lower right quadrant (Q2) are high-magnitude and fast-timing, 
events that plot in the upper right quadrant (Q3) are high-magnitude, and slow-timing and events that plot 
in the upper left quadrant (Q4) are low-magnitude and slow-timing.

2.4.  Event Nitrate and Chloride Load Estimates

The available chemistry data were from grab samples taken at each site approximately every two weeks 
during the summer and fall. The NO3-N and Cl concentrations (mg/L) of grab samples were assumed to be 
representative of the average solute concentrations of the day that they were collected. Site-specific chemis-
try and discharge data were separated by season. The HF discharge timeseries for each site and season were 
aggregated to a daily mean discharge timeseries and their associated flow duration curves were computed. 
Chemistry data were then matched to their associated flow duration curves by date to assess the range of 
flow conditions with chemistry data (Figure S1). The paired chemistry and daily mean discharge data were 
used to develop and calibrate site- and season-specific regression models for estimating daily NO3-N and Cl 
loads (g/day) using LOADEST, as implemented in the rloadest package for R. These models included the 
centered, log-transformed discharge and the centered decimal time as predictor variables. The discharge 
was log-transformed and centered to normalize the data, to account for the influence of outliers, and to 
mitigate the influence of multicollinearity (Runkel et al., 2004). The decimal time was included to account 
for the potential trends present in the long-term record. Predictor variables to account for seasonality were 
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not included, since summer and fall models were calibrated independently. Results from model calibration 
were assessed using standard regression diagnostics (e.g., quantile-quantile plots, parameter significance, 
variance inflation factors). The associated fit of these models, as indicated by the R2, ranged from 0.57 to 
0.95. In general, the R2 of models for Cl (R2: 0.82–0.95) was greater than that of models for NO3-N (R2: 0.57–
0.75). Regardless of the constituent, the R2 values of fall models (R2: 0.64–0.95) were greater than that of 
summer models (R2: 0.57–0.88). Additionally, the sparser two-week chemistry data interval prevented issues 
of autocorrelation related to samples that are taken within seven days of one another (Runkel et al., 2004). 
These site- and season-specific models were used to predict daily NO3-N and Cl loads (g/day) for the study 
period, which were then normalized by the catchment area (g/ha/day).

For each rainfall-runoff event, event days were determined based on the start and end time of the event 
hydrologic response that was determined during event delineation. The event days were used to match the 
event with the associated daily NO3-N and Cl load estimates. These daily load estimates were summed to 
obtain an event load estimate. For events associated with partial days, the proportion of the day associated 
with event hydrologic response was used directly to calculate the proportion of the daily solute load to be 
considered in the event load estimate. For example, an event with response starting 2001-05-01 12:00:00 and 
ending 2001-05-03 16:00:00 with daily loads of 2 g/ha on 2001-05-01, 2 g/ha on 2001-05-02, and 2 g/ha 2001-
05-3, would have an event load estimate equal to (2 g/ha × (24–12 h)/24 h) + (2 g/ha × 24 h/24 h) + (2 g/
ha × 16 h/24 h). Like event hydrologic responses, NO3-N and Cl load estimates of different sites and seasons 
were compared using summary statistics and the Kruskal-Wallis H test (research question 2). Importantly, 
event load estimates were also assessed with respect to event hydrologic response classification using the 
Kruskal-Wallis H test and pairwise Wilcoxon rank sum tests to ascertain whether load estimates differed by 
event class (research question 3).

3.  Results
3.1.  Event Hydrologic Response Dynamics

Summary statistics of event magnitude and timing metrics for the EIF, NEIF, and NWIF are shown in 
Table 1. There was considerable inter-event variability in magnitude metrics, as indicated by high levels of 
dispersion around metric means (CV: 0.77–2.10). Event Iabs were similar across sites. The largest median 
and maximum event QTOT were observed at the NEIF, however, differences in the distributions of event 
QTOT between sites were not statistically significant. In contrast, metric-specific Kruskal-Wallis tests showed 
that differences in the distributions of QMAX (H = 141.89; p-value = 0.00) and RR (H = 7.57; p-value = 0.02) 
between sites were statistically significant. For these tests, the null hypothesis is that the distribution of the 
response metric is the same for each site, while the alternative hypothesis is that the distribution differs for 
at least one site (Hollander et al., 2013). There were no statistically significant differences between the event 
response timing metric distributions of sites.

Violin plots in Figure 2 show the distributions of select magnitude and timing metrics for summer and 
fall events. For all sites, the QTOT and QMAX of summer events generally covered a wider range than fall 
events. The range and maximum values of RR and Iabs were typically larger for summer events. Differences 
between the distributions of summer and fall event magnitude metrics were only statistically significant for 
RR (H = 4.30; p-value = 0.04) and Iabs (H = 4.55; p-value = 0.03) at the NEIF. Seasonal differences in timing 
metrics were relatively small (Figure 3). Differences in the distribution of response timing metrics by season 
were only statistically significant at the NEIF site, and only for Tc (H = 6.32, p-value = 0.01).

The site-specific PCA showed that between 77% and 79% of the response variance was explained by the first 
three principal components (PCs) (Table 2). Metric-specific loadings for the first three PCs indicate which 
metrics are most important for explaining temporal variability in response at each site. Regardless of the 
site, QMAX had the largest loading mean across the first three PCs. QTOT also had a relatively large loading 
mean across the first three PCs, while that of RR was comparatively small. The relative importance of Iabs for 
explaining response variability differed across sites: Iabs had a large average PC loading across the first three 
PCs at the EIF (mean = 0.26) and NWIF (mean = 0.30), but not the NEIF (mean = 0.18). For timing met-
rics, each metric had PC loadings greater than |0.45| for at least one of the first three PCs at all sites. Only 
the Tr and TLR metrics had large mean PC loadings across the first three PCs for all sites–overall, Tr had the 
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largest individual loading and the largest mean loading across the first three PCs for all sites. For each site, 
event hydrologic responses were classified using an empirical classification space (Section 2.2) with QMAX 
on the x-axis and Tr on the y-axis (Figure 3). For all sites, event responses were dominantly low-magnitude 
and fast-timing (Q1). The separation of the empirical classification space by season showed differences in 
response classes for summer and fall events (Figure 3). Regardless of the site, most events with high-mag-
nitude responses (i.e., Q2 and Q3) occurred during the summer. For the NEIF and NWIF, summer events 
appear less variable in terms of response classification than fall events.

3.2.  Event Nitrate and Chloride Load Estimates

The area-normalized event NO3-N and Cl load estimates and their associated summary statistics are shown 
in Figure 4 and Table 3, respectively. Kruskal-Wallis H tests showed statistically significant differences in 
the distributions of event NO3-N (H = 246.79; p-value = 0.00) and Cl loads (H = 140.95; p-value = 0.00) 
between sites. The NO3-N and Cl load estimates varied among events for each site, as indicated by the stand-
ard deviation and coefficient of variation. The mean, median, and maximum area-normalized NO3-N loads 
were largest at the EIF, followed by the NWIF, and NEIF, consistent with literature demonstrating that the 
proportion and location of catchment wetland coverage are highly correlated with NO3-N loads (Creed & 
Band, 1998; Casson et al., 2019). In terms of the area-normalized Cl load estimates, the maximum area-nor-
malized Cl load was largest for the NWIF followed by the EIF, and NEIF sites. There were also minor differ-
ences in the mean and median area-normalized Cl load estimates of the three sites.

Seasonal differences in area-normalized event NO3-N and Cl load estimates varied across sites. For the EIF, 
NO3-N loads were greater for fall events than summer events, while the opposite was true for the NEIF and 
NWIF. Differences in NO3-N load distributions for summer and fall events were statistically significant 
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Response magnitude metrics Response timing metrics

QTOT 
(mm)

QMAX 
(m3/s) RR (−) Iabs (mm) Tr (hrs) TLR (hrs) TLP (hrs) TLC (hrs)

Tc 
(hrs)

EIF Mean 6.07 0.10 0.15 14.03 22.76 59.98 82.74 45.87 56.58

Median 3.29 0.03 0.11 6.35 21.00 57.00 80.50 38.10 55.00

Minimum 0.23 0.00 0.00 0.00 3.00 0.00 4.00 7.34 2.00

Maximum 54.70 1.45 0.69 77.80 79.00 256.00 281.00 163.12 154.00

SD 8.49 0.21 0.15 19.13 16.45 48.55 52.17 27.21 30.40

CV 1.40 2.10 1.00 1.36 0.72 0.81 0.63 0.59 0.54

NEIF Mean 6.91 0.01 0.18 13.77 21.78 62.83 84.59 49.25 62.16

Median 4.64 0.00 0.14 5.60 17.00 57.50 80.50 41.00 57.00

Minimum 0.42 0.00 0.01 0.00 5.00 0.00 8.00 11.34 0.00

Maximum 61.63 0.04 0.83 97.50 93.00 251.00 281.00 161.09 159.00

SD 9.26 0.01 0.13 18.30 14.32 54.24 55.44 28.05 31.77

CV 1.34 0.97 0.77 1.33 0.66 0.86 0.66 0.57 0.51

NWIF Mean 6.42 0.03 0.16 12.77 26.49 56.19 82.62 45.85 64.13

Median 2.98 0.01 0.11 4.70 19.00 55.00 76.00 36.16 54.00

Minimum 0.17 0.00 0.01 0.00 5.00 0.00 7.00 0.95 4.00

Maximum 45.03 0.42 0.66 77.80 159.00 256.00 288.00 156.26 216.00

SD 8.57 0.06 0.16 18.33 20.99 48.96 53.16 28.02 37.69

CV 1.34 1.80 0.98 1.44 0.79 0.87 0.64 0.61 0.59

CV, coefficient of variation; EIF, east catchment; NEIF, northeast catchment; NWIF, northwest catchment; SD, 
standard deviation.

Table 1 
Summary Statistics of Event Response Magnitude and Response Timing Metrics for EIF, NEIF, and NWIF Catchments.
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for the EIF (H  =  7.28; p-value  =  0.01), NEIF (H  =  9.17; p-value  =  0.00), and NWIF (H  =  10.35; p-val-
ue = 0.00). Differences in Cl load distributions for summer and fall events were statistically significant for 
the EIF (H = 6.37; p-value = 0.01) and NEIF (H = 4.86; p-value = 0.03), but not the NWIF (H = 1.32; p-val-
ue = 0.26). The average Cl load of fall events was greater than that of summer events for all sites, however, 
the maximum Cl export was observed during the summer for the EIF and NEIF.

3.3.  Event Hydrologic Response Classification and NO3-N and Cl Loads

Figure 5 shows the distributions of area-normalized NO3-N and Cl loads for events with different hydrolog-
ic response classifications (see Section 3.1). The load distributions for events with low-magnitude response 
(i.e., Q1 or Q4) were similar, regardless of solute or site. In contrast, load estimates for high-magnitude 
events (i.e., Q2 or Q3) are larger and more variable. It also appears that the median load estimates are largest 
for events with high-magnitude and slow-timing (i.e., Q3). Kruskal-Wallis H tests showed that regardless of 
site and solute, differences between load estimates for events of different hydrologic response classes were 
statistically significant (H statistics: 45.78–82.24; p-values <0.00). Additional analysis comprising pairwise 
Wilcoxon rank sum tests showed that differences between NO3-N and Cl load estimates between events 
of different hydrologic response class pairs for each site were mostly statistically significant (i.e., p-values 
<0.046). This was true for all cases, except for the NO3-N load estimates of events classified as high-magni-
tude and fast-timing (Q2) or high-magnitude and slow-timing (Q3) at NEIF (p-value = 0.11).
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Figure 2.  Violin plots showing the distribution of QMAX and Tr for summer and fall events at each site. Red dots show 
median metric values and black dots show individual events.
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4.  Discussion
This study aimed to leverage long-term hydrometric and stream chemistry data to better understand hy-
drologic response dynamics and solute loads of boreal Shield catchments. Indeed, other studies have suc-
cessfully characterized rainfall-runoff event response dynamics (Allan & Roulet, 1994; Branfireun & Rou-
let, 1998; Frisbee et al., 2007; Oswald et al., 2011) and estimated nutrient loads (Casson et al., 2012; Eimers 
et al., 2011; Jager et al., 2009) for other boreal Shield catchments. With that said, investigations at the event 
scale typically assess relatively few events spanning one season to a few years at most. This is largely due to 
the scarcity of longer-term, high-frequency datasets and tools that facilitate automated rainfall-runoff event 
delineation (Ross et al., 2019). Furthermore, studies for boreal Shield catchments have often focused on 
snowmelt-initiated hydrologic responses. While snowmelt is important for boreal Shield catchments, their 
hydrologic regimes are expected to become more influenced by rainfall because of stressors from climate 
change (Emmerton et al., 2019). Therefore, this study is novel in two important ways. (a) The focus of this 
study was on hydrologic response dynamics and nitrate and chloride loads for rainfall-initiated summer and 
fall events and (b) the long-term hydrometric data was high-frequency and was analyzed/interpreted at the 
scale of individual rainfall-runoff events. The event-scale analyses performed on long-term data presented 
in this paper were facilitated by the quasi-automated rainfall-runoff event delineation tool HydRun. Tools 
that expedite tedious and subjective tasks (e.g., rainfall-runoff event delineation) present opportunities for 
analyses of long-term data that were previously impractical. These opportunities articulate secondary and 
tertiary benefits to collecting long-term, high-frequency hydrometric and chemistry data.
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Figure 3.  Site-specific empirical classification spaces constructed with QMAX and Tr. Dots are individual events and 
red lines show the median value of the associated metric. Events in the lower left quadrant (Q1) are low-magnitude 
and fast-timing, events in the lower right quadrant (Q2) are high-magnitude and fast-timing, events in the upper right 
quadrant (Q3) are high-magnitude and slow-timing, and events in the upper left quadrant (Q4) are low-magnitude and 
slow-timing.
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In this study, the high-frequency hydrometric data was essential for capturing temporal variability in hy-
drologic response, as these catchments have relatively small drainage areas (12–170 ha) and considerable 
upland bedrock exposure, which both contribute to flashy event responses. Combined, the data temporal 
resolution and the sensitivity of rainfall-runoff event detection associated with HydRun led to the consid-
eration of a range of rainfall-runoff events, including smaller events that are often ignored in manual event 
delineation (Tarasova et al., 2018). The breadth of events captured in this study is articulated by the con-
siderable temporal variability expressed by relatively large coefficients of variation for response magnitude 
metrics (Table 1). Additionally, the long-term data captured over multiple seasons is a strong contributor 
to the diversity of rainfall-runoff events observed in this study. This data captures a range of inter-annual 
conditions, which makes the presented analyses more resistant to specific annual or multi-year conditions 
(i.e., wet or dry) that are expressed in shorter-term data. Also, this data is less affected by extreme events that 
are likely to be characterized in field efforts conducted over shorter periods. These archetypal features of 
the hydrometric data that were used in this study led to the identification of limitations related to the low-
er-frequency chemistry data. The chemistry data were too sparse to estimate solute loads from paired chem-
istry and discharge data directly. Therefore, site- and season-specific regression models were developed to 
estimate daily solute loads that were summed over event durations to obtain event-specific load estimates. 
While these models were calibrated using grab sample data covering a wide range of hydrologic response 
conditions (Figure S1), this approach assumes that constituent concentrations of grab samples were rep-
resentative of the average conditions of the day that they were collected. Indeed, similar models have been 
used to predict solute concentrations or loads in a range of studies (e.g., Leigh et al., 2019; Long et al., 2015; 
Runkel et al., 2004), and here, the level of fit obtained during model calibration was relatively high. With 
that said, this approach does not allow for finer solute export dynamics, like first flush and hysteresis, to 
be characterized or associated with rapid fluctuations in hydrologic response (Inamdar & Mitchell, 2006; 
Inamdar et al., 2004, 2006).

Considerable inter-event variability in response magnitude was observed for the three catchments of this 
study (Table 1). This is consistent with most multi-year hydrometric data and is further corroborated by in-
ter-event variability in response magnitude observed at another IISD-ELA catchment (Oswald et al., 2011; 
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EIF NEIF NWIF

PC1 PC2 PC3 PC1 PC2 PC3 PC1 PC2 PC3

Eigenvalue 3.12 2.63 1.38 3.22 2.65 1.13 3.00 2.67 1.26

P explained 0.35 0.29 0.15 0.36 0.29 0.13 0.33 0.30 0.14

Cumulative P 0.35 0.64 0.79 0.36 0.65 0.78 0.33 0.63 0.77

PC loadings

QTOT 0.14 0.58 0.10 0.11 0.55 0.05 0.12 0.57 0.21

QMAX 0.11 0.54 0.24 0.11 0.54 0.19 0.10 0.51 0.42

RR 0.01 0.53 0.06 0.26 0.43 0.02 0.01 0.53 0.11

Iabs 0.38 0.04 0.35 0.41 0.12 0.02 0.41 0.11 0.37

Tr 0.18 0.23 0.59 0.05 0.15 0.86 0.15 0.23 0.54

TLR 0.51 0.13 0.16 0.52 0.12 0.07 0.51 0.14 0.14

TLP 0.53 0.05 0.04 0.49 0.15 0.29 0.53 0.04 0.09

TLC 0.49 0.16 0.15 0.47 0.18 0.03 0.48 0.08 0.26

Tc 0.09 0.02 0.64 0.09 0.35 0.03 0.07 0.22 0.50

Note. Eigenvalues, the proportion of variance explained by the first three PCs, and the cumulative proportion of 
variance explained are shown in the upper section of the table. The absolute value of metric-specific loadings for the 
first three principal components is shown in the lower portion of table.
EIF, east catchment; LP, lag-to-peak; LR, response lag; NEIF, northeast catchment; NWIF, northwest catchment; P, 
proportion; PC, principal component.

Table 2 
Site-Specific Results of Principal Component Analysis
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Ross et al., 2019). However, among the event-specific response magnitude metrics considered in this study, 
QTOT, QMAX, and Iabs were more variable than RR, indicating that the conversion efficiency of rainfall to run-
off was less variable than other aspects of response magnitude. Overall, relatively low variability in event 
response timing was observed in this study (Table 2), except for timing metrics associated with the initiation 
of runoff (i.e., Tr and TLR). Combined with higher variability in Iabs, these findings suggest that the volume 
and time needed to satisfy catchment storage before runoff initiation are critical aspects of hydrologic re-
sponse at the study catchments (Dingman, 2015). Overall, similar event responses were observed among 
sites. Notably, for the NEIF, event Tr was shorter and less variable than other sites (Table 1), possibly a result 
of its comparatively small drainage area. In terms of seasonality, studies for other headwater boreal Shield 
catchments have suggested strong seasonal variability in hydrologic regime and runoff generation mecha-
nisms resulting from differences in antecedent water table levels and storm duration and intensity (Frisbee 
et al., 2007). Similarly, differences in summer and fall event responses at another boreal Shield catchment 
were pronounced for some measures of response magnitude (e.g., RR) and were attributed to the influ-
ence of potential evapotranspiration during summer months on catchment storage (Allan & Roulet, 1994; 
Oswald et al., 2011). In the current study, statistically significant differences in catchment response between 
summer and fall events were only observed for select response metrics at the NEIF. While this is discon-
gruous with the literature, this aspect of the analysis may have yielded different results if winter and spring 
events were considered in addition to summer and fall events.

Solute export at the catchment outlet can be conceptualized as the interaction between hydrological trans-
port and biogeochemical processing across the catchment (Lohse et al., 2009). It can be difficult to untangle 
the relative importance of each set of drivers, given that they are both controlled by state factors includ-
ing climate, geology, soil depth and type, and topography (Devito et al., 1999). Indeed, previous work on 
dissolved organic carbon and mercury at the IISD-ELA has attributed differences in solute export to ante-
cedent moisture conditions, but without being able to resolve if the mechanism was due to differences in 
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Figure 4.  Site-specific area-normalized event NO3-N and Cl export estimates with color-coded prediction intervals 
(95%) for each event.
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flowpaths or differences in catchment sources (Oswald et al., 2011). The significant differences observed 
among event response types suggest that considering timing metrics, such as Tr in addition to event magni-
tude can help illuminate sources of variability in solute export. High magnitude-slow timing events led to 
greater solute export compared with high magnitude-fast timing events, which may suggest that flowpaths 
and solute transport vary with event intensity (Indamdar et al., 2004). This was true for both NO3-N and Cl, 
despite differences in the biological reactivity of the two ions. This may indicate that transport processes 
dominate over differences in source dynamics in these catchments, in contrast to cross-site comparisons 
which have found that NO3-N dynamics of pristine catchments such as the ones in the present study tend 
to be controlled more by biogeochemical processing compared with anthropogenically impacted sites (Basu 
et al., 2011). Differences across event response types were also consistent across catchments, despite phys-
iographic differences among the three study sites, such as size and wetland coverage, and despite signifi-
cant differences in the magnitude of solute export, suggesting that these patterns are somewhat robust to 
landscape variability in these boreal forested systems. Coupling long-term discharge records with higher 
frequency chemistry measurements will help to resolve the explanations for the patterns.

5.  Conclusions
This work contributes to our understanding of relationships between hydrologic response and solute export 
in boreal Shield catchments. Rainfall-runoff event analysis of long-term hydrometric and chemistry data 
for three boreal Shield catchments indicated highly variable event hydrologic responses and NO3-N and Cl 
loads. Temporal variability in hydrologic response was greatest for aspects of response related to the initi-
ation of catchment runoff. This analysis also showed significant differences in event NO3-N and Cl loads 
among sites, articulating the need for site-specific analyses. The focus on rainfall-runoff events spanning 
summer and fall months showed that seasonal differences in hydrologic response were only statistically 
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NO3-N (g/ha) Cl (g/ha)

All Summer Fall All Summer Fall

EIF Mean 4.07 3.30 6.97 13.67 12.8 19.23

Median 2.63 2.33 4.91 8.22 7.81 14.62

Minimum 0.14 0.14 0.16 0.50 0.50 1.20

Maximum 23.08 19.55 23.08 69.00 69.00 61.23

SD 4.56 3.64 6.32 14.96 14.30 16.36

CV 1.12 1.10 0.91 1.09 1.17 0.85

NEIF Mean 0.43 0.49 0.24 16.61 15.13 20.59

Median 0.35 0.41 0.22 13.60 12.64 19.84

Minimum 0.02 0.02 0.03 0.71 0.71 2.46

Maximum 1.92 1.92 0.62 59.54 59.54 57.40

SD 0.38 0.41 0.14 13.10 12.59 13.83

CV 1.74 0.83 0.59 0.79 0.83 0.67

NWIF Mean 2.04 2.26 0.86 16.88 14.42 30.24

Median 0.99 1.30 0.22 9.48 9.39 10.78

Minimum 0.04 0.04 0.04 0.36 0.36 1.20

Maximum 14.07 14.07 6.19 201.84 70.40 201.84

SD 2.62 2.74 1.42 23.67 15.53 46.57

CV 1.29 1.21 1.66 1.40 1.08 1.54

CV, coefficient of variation; EIF, east catchment; NEIF, northeast catchment; NWIF, northwest catchment; SD, 
standard deviation.

Table 3 
Summary Statistics of Area-Normalized NO3-N and Cl Load Estimates for All Events, Summer Events, and Fall Events 
of the EIF, NEIF, and NWIF
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significant for a small number of response metrics. In contrast, differences in NO3-N and Cl loads for sum-
mer and fall events were statistically significant for most sites. This suggests there is considerable variability 
in response among seasons influenced by rainfall-initiated hydrologic events, demonstrating a need for 
more studies that evaluate rainfall-driven dynamics in regions that are expected to experience shifts in hy-
drologic regime due to stressors from climate change.

The use of an empirical classification space indicated that event responses for these boreal Shield catch-
ments were dominantly low-magnitude and fast-timing. By synthesizing this event hydrologic response 
classification with estimates of event nitrate and chloride loads, this study showed statistically significant 
differences in solute loads between events of different response classes. It may be insightful for future stud-
ies to assess this classification framework for assessing solute export relative to dominant event hydrologic 
response in other contexts. Overall, analyses presented in this study leveraged newly available tools for 
quasi-automated rainfall-runoff event delineation that increase opportunities for evaluating long-term data 
at different timescales. Climate projections for this region include longer snow-free seasons, and increased 
frequency and intensity of storms and droughts (Collins et al., 2013) which will alter hydrological dynamics 
and solute transport across the heterogeneous landscape of the boreal (Ducharme et al., 2021). These results 
demonstrate the need for long-term, high frequency hydrometric and chemical data collection in order to 
understand how shifting storm behavior may alter solute transport in these sensitive ecosystems.

Data Availability Statement
Discharge (https://doi.org/10.25976/whsn-1u21) and stream chemistry (https://doi.org/10.25976/r3kp-
7m22) data have been made publicly available by the IISD-ELA and are accessible through the DataStream 
data repository. Rainfall data are publicly available by request to Environment and Climate Change Canada.
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Figure 5.  Violin plots showing the distributions of NO3-N and Cl load estimates for events of each response 
classification. Response classifications are represented by quadrant: Q1 = low-magnitude and fast-timing; Q2 = high-
magnitude and fast-timing; Q3 = high-magnitude and slow-timing and Q4 = low-magnitude and slow-timing.
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