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Abstract Northern temperate forests are experiencing changes from climate and acidification recovery that
influence catchment nitrate‐nitrogen (N) flushing behavior. N flushing behavior is characterized by metrics such
as: (a) N flushing time—the exponential decrease in stream N concentration during the peak snowmelt episode;
and (b) N concentration (C) and discharge (Q) hysteresis metrics—flushing index (FI) and hysteresis index (HI)
—representing the slope, direction, and amplitude of the C‐Q loop. We hypothesized that climate‐driven
hydrologic intensification results in longer N flushing times, lower FI (less flushing to more diluting), and lower
HI (less proximal to more distal N sources). We tested this hypothesis using four decades of data from two
headwater catchments. Hydrologic intensification was estimated by changes in the ratio of potential
evapotranspiration to precipitation and the ratio of actual evapotranspiration to precipitation. From 1982 to
2005, a period characterized by hydrologic intensification and a decline in atmospheric acidic deposition, we
observed a decrease in C and Q. This led to stable C‐Q patterns that reflected the flushing (positive FI) of
proximal N sources (positive HI). However, from 2006 to 2019, a period of hydrologic de‐intensification
coupled with an ongoing decline in atmospheric acidic deposition was associated with a continued decrease in C
but an increase in Q, leading to unstable C‐Q patterns that reflected a shift from proximal (positive HI) toward
distal N sources (negative HI). C‐Q instability was less variable in the catchment with a large wetland, indicating
the potential of wetlands to buffer against changing climate conditions.

1. Introduction
Climate change impacts catchment hydrologic episodes, with implications for downstream surface waters. Hy-
drologic episodes are pulses of water that promote hydrologically driven terrestrial export of biogeochemical
constituents to surface waters (Cirmo & McDonnell, 1997). In northern temperate forests, major hydrologic
episodes occur during the vernal window, a period that marks the end of winter and the start of the growing
season, characterized by rapid transitions in ecosystem energy, water, nutrient, and carbon dynamics (Contosta
et al., 2017). Conversely, the autumnal window signifies the end of the growing season and the onset of winter,
also involving quick transitions in ecosystem dynamics (Creed, Hwang, et al., 2015; Creed, McKnight,
et al., 2015). The shift from stationary (oscillations) to non‐stationary (trends) in climatic conditions (Milly
et al., 2008) may change the patterns of hydrologic episodes and amplify alterations in hydrologically driven
terrestrial export of biogeochemical constituents (Li et al., 2024; van Vliet et al., 2023). These patterns are already
being affected by acidification and subsequent recovery in these forests (Gilliam et al., 2019).

Creed et al. (1996) proposed the nitrate‐nitrogen (N) flushing hypothesis to clarify N export behavior from
headwater catchments in a northern temperate forest. According to the N flushing hypothesis, an N‐enriched
upper soil layer forms after a period of low N demand by the forest, with some N draining as groundwater
translocates N from the upper soil layer into deeper hydrologic flow pathways, which are released slowly over the
year. During a hydrologic episode, such as spring snowmelt or autumn stormflow, this N‐enriched upper layer is
flushed by a combination of saturated subsurface and surface flow, resulting in a significant export of N to surface
waters (Creed et al., 1996). N flushing is captured in the characteristic time constant, the time interval required for
a decline in peak N concentration in discharge water to 37% (e− 1) of its initial concentration (Boyer et al., 1998).
A comparison of the characteristic time constant among different catchments revealed that catchment topography
and its influence on variable source area dynamics (representing the intersection of saturated throughflow with N
near or at the soil surface (Creed & Band, 1998b) determined the potential for hydrologic expansion into new
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terrestrial N sources. Catchments with greater potential for hydrologic expansion had longer characteristic time
constants (Creed & Band, 1998b). The N flushing concept has become the theoretical underpinning of N export
models (e.g., Creed & Band, 1998a).

Further insights into catchment N export behavior can be captured in the hysteresis patterns of the relation be-
tween discharge (Q) and N concentration (C) during periods of peak N export, referred to as the C‐Q relationship
(Hendrickson & Krieger, 1960). Hysteresis patterns derived from the C‐Q loop reveal essential insights into the
hydrologic controls on biogeochemical export during a hydrologic episode (Burns et al., 2019; Heathwaite &
Bieroza, 2021). Hysteresis patterns can be classified by loop slope (positive, negative), direction (clockwise,
counterclockwise), and amplitude (Figure 1) (Evans & Davies, 1998; House & Warwick, 1998). These patterns
can be derived using relatively low‐frequency daily measurements during major hydrologic episodes (e.g., melt/
storm events) or high‐frequency measurements for both major and minor hydrologic episodes (Bieroza
et al., 2023). The slope of the C‐Q loop reflects whether N export is transport‐limited (positive = flushing) or
source‐limited (negative = diluting). The direction of the C‐Q loop reflects whether N sources are spatially
connected and proximal to the stream (clockwise) or spatially disconnected and distal from the stream (counter‐
clockwise). The larger the amplitude of the C‐Q loop, the greater the hydrologic expansion into new terrestrial N
sources (Lloyd et al., 2016). This analysis encompasses whether N export is source (supply) or transport limited,
whether variable source areas are spatially organized or disorganized, and whether the hydrologic episodes
expand into distal parts of the catchment or remain proximal to the catchment outlet (Burns et al., 2019). In intact
forested landscapes, C‐Q hysteresis patterns vary among catchments based on catchment properties (Creed &
Band, 1998b). However, more research is required to determine if hysteresis patterns within catchments vary in
time due to external climatic variability/climate change factors.

There are growing uncertainties in N export behavior driven by changing climatic conditions and the intensifi-
cation of the hydrologic cycle (Huntington, 2006; Koutsoyiannis, 2020), an associated shift from cooler‐wetter to
warmer‐drier conditions, a loss of winter (Contosta et al., 2019), and a weakening of hydrologic episodes (Creed,
Hwang, et al., 2015; Creed, McKnight, et al., 2015). Such transformations have significant implications for
downstream waters, potentially affecting productivity and biodiversity. It is essential to verify whether estab-
lished hypotheses, such as the N flushing hypothesis, still apply under these new circumstances.

To address this knowledge gap, we analyze a 38‐year data set of N flushing times and C‐Q hysteresis metrics
(Hysteresis Index [HI], Flushing Index [FI]) during dominant spring snowmelt hydrologic episodes in the Turkey
Lakes Watershed, Ontario, Canada—the same northern temperate forest where the N flushing mechanism was
originally proposed. This study takes place against the backdrop of changing climatic conditions and a decline in
atmospheric acidic pollutants, with evidence of N declines in precipitation beginning around 2000, though re-
covery in N stream exports remains variable (Webster, Leach, Hazlett, et al., 2021; Webster, Leach, Houle,
et al., 2021). We examine how source areas and mechanisms of stream N exports have evolved over time in intact
headwater catchments, comparing upland‐dominated catchments draining directly to the outlet (C35) with those
draining through a wetland before reaching the outlet (C38).

We hypothesized that hydrologic intensification is driving a lengthening of N flushing times and a lowering of FI
and HI as the catchment shifts from transport‐limited (faster water flow, less nutrient processing, and larger
contribution of spatially‐organized N sources that are proximal to the stream—“flushing”) to source‐limited
(slower water flow, more nutrient processing, and larger contribution of spatially‐disorganized N sources that
are distal to the stream—“diluting”). If hydrologic intensification is driving changes in N flushing behavior, we
further hypothesized that these changes will be more prominent in catchments with relatively small hydrologic
storage potential (i.e., no wetlands) than in catchments with more considerable hydrologic storage potential (i.e.,
with wetlands), as wetlands serve to buffer against hydrologic variability.

We aim to develop a mechanistic framework that integrates global change impacts with catchment‐specific
patterns of solute transport. Our study revisits and reevaluates the N flushing hypothesis in light of current hy-
drologic conditions, providing a conceptualization and parameterization of C‐Q relationships that take into ac-
count both global and local drivers of change. Most previous studies have focused on either multi‐decadal C‐Q
responses to large‐scale drivers (Basu et al., 2022; Dupas et al., 2018; Newcomer et al., 2021) or storm event C‐Q
patterns of solute mobilization and delivery (Knapp et al., 2022; Li et al., 2022). By synthesizing yearly and multi‐
decadal events, we provide essential insights for predicting future biogeochemical trends in aquatic systems,
thereby addressing a long‐standing research gap.
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2. Materials and Methods
2.1. Study Area

The Turkey Lakes Watershed (TLW; 10.5 km2) is an experimental watershed
located on the Canadian Shield in the Algoma Highlands of central Ontario,
Canada (47°03ʹN, 84°25ʹW, 60 km north of Sault Ste. Marie) (Figure 2)
(Webster, Leach, Hazlett, et al., 2021). The TLW contains 13 actively
monitored catchments that drain into a chain of lakes that ultimately empty
into Batchawana Bay on the eastern shore of Lake Superior.

The TLW has a continental climate influenced by its proximity to Lake Su-
perior. The average temperature from June 1 to May 30 from 1981 to 2020
was +4.5°C, and the average total annual precipitation was 1,215 mm. The
climate shows both stationary climatic oscillations and non‐stationary climate
change, based on data collected from the Algoma CAPMoN (Canadian Air
and Precipitation Monitoring Network) meteorological station located
approximately 1.3 km southeast of the watershed (47°02ʹN, 84°22ʹW, 411 m.
a.s.l.). Hereafter, “year” and “annual” refers to the June to May water year.

The TLW is predominantly covered by intact mature sugar maple (Acer
saccharum Marsh.) forest and has a bedrock foundation with a 400 m dif-
ference in elevation from the highest point, BatchawanaMountain (644 m.a.s.
l.), to its outlet at 244 m.a.s.l. Drainage patterns are controlled by major faults
cut through the bedrock. The bedrock is composed of Precambrian granite and
gneiss. It is overlain by a thin (≤2 m) till, though there are occasional deep
deposits up to 65 m depth in local bedrock depressions or along fault lines
(Elliot, 1985). The thin (0.5 m depth at most elevations) upper silty to sandy
ablation layer of the till is relatively permeable, while the compact sandy
lower basal till is relatively impermeable. Soils are orthic‐ferro‐humic and
humo‐ferric podzols, with scattered organic ferric humisol deposits in
bedrock depressions and adjacent to lakes and streams. The forest soils have
high nitrification rates (Foster, 1989).

In 1979, the TLW was established as a long‐term monitoring site to study the effects of atmospheric acidic
deposition (and recovery) on terrestrial and aquatic ecosystems (Webster, Leach, Hazlett, et al., 2021). Among the
monitored headwater catchments, catchment 35 (C35) (4.47 ha) has uplands with no wetlands. In comparison,
C38 (8.5 ha) features a sizable cryptic wetland (a forested swamp) covering about 20% (1.58 ha) of the catchment
area (Creed et al., 2003). Snowpacks typically persist from late November/early December to late March/early
April, with peak stream discharge occurring during spring snowmelt and autumn storms. The shallow soil layer
and lack of significant deep groundwater inputs to streamflow in this landscape imply that streamflow solute
concentrations and their correlation with discharge would be highly responsive to substantial shifts in climate and
atmospheric acidic deposition over the monitoring period (Webster et al., 2022).

Catchment discharge and stream N concentrations in the stream discharge have been measured daily during
snowmelt and biweekly to monthly at the catchment outlets for the calendar years 1981–2019 and water years
1982–2019. Summaries of the start‐end dates, intervals, measurement locations, and sample size of catchment
discharge and stream N concentrations and other input data described in the sections below are provided in Table
S1 in Supporting Information S1.

2.2. Intensity of Hydrologic Cycle

This study assessed changes in the intensity of hydrologic cycling by analyzing climate‐driven variations in the
annual partitioning of precipitation between evapotranspiration and discharge along the Budyko curve from 1982
to 2019 (Budyko, 1974).

The Budyko curve was constructed by plotting the Evaporative Index (EI; the ratio of actual evapotranspiration
[AET] to precipitation [P]) against the Dryness Index (DI; the ratio of potential evapotranspiration [PET] to P)

Figure 1. Graphics of hysteresis metrics derived from the concentration–
discharge (C‐Q) loop. For the Flushing Index (FI, x‐axis), which ranges
between − 1 and +1, the direction of slope indicates whether solutes are
transport‐limited (positive = flushing) or source‐limited
(negative = diluting). For the Hysteresis Index (HI, y‐axis), which ranges
between − 1 and +1, the direction of the loop indicates whether the solute
sources are spatially connected and proximal to the stream
(positive = clockwise) or spatially disconnected and distal from the stream
(negative = counterclockwise), and the amplitude of HI indicates if there is
smaller (narrow loop) or larger (broad loop) hydrologic expansion into new
solute source areas.
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(Creed et al., 2014). Mean daily air temperature (T; °C) and total daily precipitation (P; mm) were measured at the
Algoma CAPMON station, and mean daily discharge (Q; L s− 1) was measured at the C35 and C38 weirs. Mean
monthly and annual T and total monthly and annual P and Q were calculated from daily values. Total annual PET
was calculated from total monthly PET; total monthly PET (mm) was calculated from mean monthly T values
using the method of Hamon (1963); the Hamon (1963) method may underestimate PET but typically performs
better than other T‐based PET models and about the same as radiation‐based PET models (Lu et al., 2005). Total
annual AET (mm) from each catchment was calculated as the difference between annual P and Q. DI was
calculated as total annual PET divided by total annual P. EI was calculated for each catchment as total annual AET
divided by total annual P. Approximately semi‐decadal (4‐year increment for 1982–1985, followed by 5‐year
increments from 1986 to 1990 up to 2011 to 2015, and then by a 4‐year increment from 2016 to 2019) means
of EI and DI were plotted against the Budyko curve to visualize intensification or de‐intensification over time.

Figure 2. Map of the headwater catchments C35 and C38 in the TLW. The water flows through a chain of lakes into Norberg
Creek, draining into the Batchawana River and ultimately reaching the eastern shores of Lake Superior. White polygons in
C38 represent wetlands.
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2.3. Seasons and Vegetation Responses

The snow season was defined as beginning on the first day at which snow‐water equivalent (SWE) ≥20 mm,
where 20 mmwas selected to avoid transient snowpacks that develop and melt in early autumn, and ending on the
first day at which SWE = 0 mm. Daily SWE (mm) was modeled using a snow accumulation and melt routine
within a hydrologic model and calibrated to daily Q measurements (Leach et al., 2020). The SWE = 20 mm
threshold was selected through visual comparisons of the time series of SWE and Q. Snow season total SWE
accumulation was calculated as the sum of “new” daily SWE (i.e., increases in SWE from the previous day).

The growing season was determined to start on the first day when the average daily temperature remained at or
above 5°C for five consecutive days, beginning on or after March 1. The season was considered to end on the first
day when the minimum daily temperature fell below − 2°C, on or after August. The growing season start and end
days were extracted from 60‐arcsecond historical monthly climate grids for North America (McKenney
et al., 2011; https://cfs.nrcan.gc.ca/projects/3/9). Vernal windows were defined as the periods between the ends of
the snow seasons and the beginnings of the growing seasons (adjusted to zero for those years where the
temperature‐based growing season started before the end of the snow season (3/38 years, maximum differ-
ence = 5 days) (Creed, Hwang, et al., 2015). Autumnal windows were defined as the periods between the ends of
the growing seasons and the beginning of the snow seasons (Creed, Hwang, et al., 2015).

A time‐integrated normalized difference vegetation index (iNDVI) for each growing season was calculated to
characterize net primary productivity during the growing season (Goward et al., 1985). NDVI was calculated
from Landsat Satellite Series (4–5 TM, 7 ETM+, and 8 OLI) Collection 2 Level 2 imagery from 1984 to 2019
using Google Earth Engine (GEE) using the equation:

NDVI =
NIR − Red
NIR + Red

where NIR is the near‐infrared (NIR) spectrum band (band 4 for TM and ETM+, band 5 for OLI) and Red is the
red spectrum band (band 3 for TM and ETM+, band 4 for OLI). The spatial mean NDVI within each catchment
was calculated for each annual growing season, where each growing season was divided into six intervals to
obtain approximately monthly NDVI estimates (assuming that at least one Landsat image without cloud cover
would be available in approximately monthly intervals). iNDVI represents the sum of NDVI measured at regular
intervals, and was calculated using the trapezoidal rule equation (Reed et al., 1994):

iNDVI =∑
n

i=1
(NDVI(i+1,i) × (ti+1 − ti))

where NDVI(i+ 1,i) represents the mean NDVI of two consecutive intervals, and ti represents the number of days
from the start of the growing season. NDVI values missing due to cloud cover or poor data quality were linearly
interpolated using the “na.approx” function as part of the “zoo” package in R (version 4.3.2).

2.4. Atmospheric N Deposition and Stream N Export

Atmospheric acidic deposition for the TLWwas calculated from bulk precipitation samples (i.e., a mixture of wet
deposition and an unknown and variable portion of dry deposition) collected weekly from 1982 to 2016 at the
Algoma CAPMON station. Bulk precipitation samples were filtered before the analysis for nitrate and ammonium
concentrations at the Water Chemistry Laboratory at the Great Lakes Forestry Center in Sault Ste. Marie, and
normalized per total precipitation volumes (mg L− 1). Total nitrogen (TN; nitrate‐N + ammonium‐N) was
calculated, and total monthly TN deposition was calculated as the product of mean monthly TN concentration by
total monthly precipitation volume. Total annual TN deposition was calculated using monthly values.

Stream N sampling was conducted at v‐notch weirs at the catchment outlets daily during snowmelt and biweekly
to monthly at other times of the year. Samples were taken in clean 2‐L polyethylene bottles that were rinsed at
least three times with stream water, followed by immersion to collect the final sample, with care taken not to
disturb stream sediments during sampling. Stream N concentrations (C; mg L− 1) in the stream discharge were
measured within 2 weeks of collection at the Great Lakes Forestry Center, with sample integrity maintained by
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storage at 4°C in dark rooms prior to analysis at room temperature. Two daily
C values in C35 were visually identified as outliers and removed (04/28/1982
and 03/06/2000). Due to equipment failures, there were no C measurements
available in C38 in 1987 and 2019. Missing C values (except in 1987 and
2019 in C38) were linearly interpolated. Daily catchment N exports (kg) were
calculated from daily C values and Q (L s− 1). Total monthly and annual
catchment N exports were calculated from daily values.

2.5. N Flushing Times and C‐Q Hysteresis Metrics

Spring hydrologic episodes in each year were identified from daily time series
of Q and sampled (i.e., un‐interpolated) C values (Figure 3). Spring hydro-
logic episodes were visually identified where one (or more) peaks in Q were
coincident with the largest spring (February to April) peak in C (i.e., the
dominant snowmelt event) followed by an apparent exponential decline in C.
Peaks in Q typically occur shortly after peaks in C, but given the coarse

temporal (daily) resolution of the time series, melt events were considered valid for analysis where the Q peaks
co‐occurred or within ±1 day of peaks in C. Baseline Q for each dominant melt event was identified as the
smallest non‐zero Q value preceding any apparent peak belonging to the event, and the day of the year (DOY) of
the baseline Q was identified as the start of the event. Where there was a series of days with the smallest non‐zero
Q value, the last DOY in the series was used. The DOY at which Q returned to the baseline value without an
intermediate peak in Q or, more commonly, before which Q began to rise to another peak in another hydrologic
episode was identified as the end of the event.

Within each dominant melt event, both Q and C were normalized to 0–1 values using the equation:

xi− norm =
xi − xmin

xmax − xmin

where xi is the value of Q or C at time step i, xmax is the maximum value of Q or C during the event, and xmin is the
minimum value. Visual inspection of the C‐Q relationships during the dominant snowmelt events showed that all
resembled loops, with Q returning approximately to baseline and C not displaying overt complexity (i.e., the loops
were relatively smooth, and C did not cross the loops more than once).

N flushing time for each dominant snowmelt event was characterized by the time in days of the exponential
decline of the peak C to 37% of the initial concentration per the method described by Creed and Band (1998b).
Peak C was recorded for each dominant snowmelt event, and 37% of the peak C was calculated. For each
snowmelt event, exponential regression coefficients were developed from sampled (i.e., un‐interpolated) C as the
dependent variable and DOY as the independent variable for the period beginning at the DOY of peak C and
ending at the end of the snowmelt event, ensuring that a minimum of three samples were used (i.e., extending to
the first DOY after the snowmelt event where there were only two samples during the event). Regression co-
efficients were used to model C for all days in the spring period (January to June). The day of the year at which the
modeled concentration was closest to 37% of the peak concentration was recorded as the day on which the
concentration had declined to 37%. The time (t) in days for the concentration to decline from the peak value was
then calculated. The exponential regression coefficient and t were calculated in Microsoft Excel™ v. 2108.

Nitrogen C‐Q hysteresis metrics (Hysteresis Index (HI) and Flushing Index (FI)) were calculated from daily Q
and interpolated C to describe C‐Q relationships using a Matlab script developed by and described in Heathwaite
and Bieroza (2021) and implemented in Matlab R2022a (MathWorks, 2022). The HI describes C change on rising
and falling limbs where (a) HI < − 0.1 indicates a counter‐clockwise response (i.e., C on falling limb higher than
on rising limb, nutrient flushing frommore distal sources), (b) − 0.1 < HI <+0.1 indicates a linear response (or no
direction), and (c) HI > +0.1 indicates a clockwise response (i.e., C on rising limb higher than on falling limb,
nutrient flushing from more proximal sources). For each 5th percentile of Q (k), HIk was calculated as normalized
C on the rising limb corresponding to Qk minus normalized C on the falling limb corresponding to Qk (Lloyd
et al., 2016); HI at k = 50 (median; HI50) was used to describe HI for each snowmelt event. The FI describes the
relative change in C during an event where (a) FI < − 0.1 indicates dilution (i.e., C decreases with Q, flushing is

Figure 3. Schematic showing identification of spring hydrologic episode and
N flushing time (time for C concentrations to decline to 37% of its peak)
using annual spring time series of Q and C. The months are January
(J) through June (J).
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source limited, more limited N supply), (b) − 0.1 < FI < +0.1 indicates a neutral response (i.e., chemostasis), and
(c) FI > +0.1 indicates flushing (i.e., C increases with Q, flushing is transport limited, less limited N supply). FI
was calculated using the equation:

IF (Cbase ≤Cpeak)

THEN FI = Cpeak – Cbase/Cpeak

ELSE FI = Cpeak – Cbase/Cbase

where C is the actual non‐normalized concentration, Cbase is C at the baseline Q DOY, and Cpeak is C at the Q
peak DOY.

Semi‐decadal (1982–1985, 1986 to 1990 continuing in 5‐year increments up to 2011 to 2015, and 2016 to 2019)
means of HI were plotted against semi‐decadal means of FI to visualize expansion or contraction of variable
source areas and changes in N supply over time.

2.6. Statistical Analysis

The normality of distributions of annual time series variables was assessed using the Jarque‐Bera test (Jarque &
Bera, 1987). After finding that most (21/23 or 91%) of the variable distributions were normal (p > 0.05), we
generated Pearson correlation matrices in each catchment to describe the strength of relationships between annual
mean T, total P, total Q, DI, EI, and climate oscillation indices, including the Atlantic Mid‐decadal Oscillation
(AMO, estimated period of oscillation is 70 (60–80) years), Pacific Decadal Oscillation (PDO, estimated period
of oscillation is 25 (20–30) years), El Niño and La Niña (El Niño‐Southern Oscillation) (ENSO, estimated period
of oscillation is 2–7 years), and North Atlantic Oscillation (NAO, estimated period of few days to few months).
We obtained monthly climate oscillation data from the Monthly Atmospheric and Ocean Time Series at NOAA
Physical Sciences Laboratory Climate Indices (https://psl.noaa.gov/data/climateindices/) and aggregated it to
annual totals. We conducted Jarque‐Bera tests and generated Pearson correlation matrices using Microsoft
Excel™ version 2108.

Annual trends in the time series of N export, T, P, Q, DI, EI, TN deposition flux, lengths of snow and growing
seasons and vernal and autumnal windows, SWE accumulation, previous growing season iNDVI, climate
oscillation indices, hysteresis metrics, and flushing times were assessed using Mann‐Kendall and Sen's slope tests
in R (“trend” and “Kendall” packages), where Mann‐Kendall was used to detect significant (p < 0.1) trends and
Sen's slope was used to determine the direction of the trend (positive or negative). Monthly trends in the same time
series T, P, and DI in TLW and Q and EI in C35 and C38 were assessed using the seasonal trend decomposition
after LOESS smoothing (Cleveland et al., 1990) using the “stl” function in R.

Random forest analyses were used to evaluate the relative importance of selected explanatory variables on N
export in each catchment. Explanatory variables were selected based on the identification of proxies for process
controls on catchment soil N accumulation, including climatic explanatory variables (T, P, DI, EI, Q, PDO, NAO,
ENSO, AMO, which were screened to remove the effects of collinearity using a Pearson correlation matrix), and
N supply (atmospheric acidic deposition and iNDVI, which is a proxy for the amount of N that can be deposited
on the forest floor), N storage (snow season length, which is a proxy for when forest floor litter decomposes under
a snowpack but is not released in quantity to the stream), and N transport (vernal window length, which is the
period when flushing occurs, and the N flushing time) (see Creed et al., 1996 for a detailed description of process
controls). Random forests were constructed for both catchments using a 38 × 8 input data matrix, where 38 is the
number of years in the time series, and 8 is the 7 explanatory variables plus the response variable (N export).
Random forests were developed using 1,000 trees. Variable importance plots from 100 random forests were
generated to reveal the relative importance of each potential explanatory variable. Partial dependence plots from
the same 100 random forests were generated to determine the relationships between each potential explanatory
variable and N export in each catchment while holding all other variables constant. Histograms of the explanatory
variables were visually examined for evidence of strongly skewed distributions or outliers that could drive the
extremes of the relationships. Random forest analyses were performed in R (“randomForest” package).
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3. Results
3.1. Hydrologic Intensification‐De‐Intensification Cycle

Over the past four decades, the hydrologic cycle exhibited two distinct phases: intensification (1982–2005) and
de‐intensification (2006–2019). During the intensification phase, increased energy inputs led to warmer‐drier
periods, reducing water yields. During the de‐intensification phase, decreased energy inputs led to a return to
cooler‐wetter periods, increasing water yields in C35 (catchment dominated by uplands with no wetlands), and
restoring them in C38 (catchment with wetland covering 20% of area).

Figure 4 illustrates these trends through annual time series of T, P, SWE, and Q. Both catchments displayed a low‐
frequency oscillation (multi‐decadal) between the climatic extremes. Superimposed on this low‐frequency
oscillation was a higher‐frequency oscillation (i.e., multi‐annual) switching between warmer‐drier and cooler‐
wetter climatic conditions. Notably, C35 showed a more robust recovery in Q than C38. Monthly T trends
analysis revealed uniform warming or cooling across all months with no specific trend in any month. Monthly P
trends showed a disruption in precipitation patterns throughout the year, concentrated in the period from February
(becoming wetter) to March (becoming drier) and the period from August (becoming drier) to September
(becoming wetter). Monthly Q trends showed a disruption of discharge during the months during which the most
dominant snowmelt events occurred, including an increasing then decreasing trend in April in C35 and a
decreasing trend in April in C38 (Figure 4).

Figure 5 further illustrates these trends. Budyko metrics—namely, EI and DI—followed a trajectory along the
Budyko curve, transitioning toward the threshold between energy and water limitation (PET/P = 1) during hy-
drologic intensification (1982–2005) and then reversing during de‐intensification (2006–2019). Hysteresis loops
accompanied these movements: C35 returned to its initial state, whereas C38 showed incomplete recovery,
indicating legacy effects of the warmer‐drier conditions in the catchment with larger hydrologic storage.
Throughout the entire time series, there were significant (p < 0.1) increases in EI in both catchments but not in
DI (p ≥ 0.1).

Table 1 illustrates the impact of multi‐year climate oscillations on catchment hydrology, specifically highlighting
the AMO (Atlantic Mid‐decadal Oscillation, 70 year period), PDO (Pacific Decadal Oscillation, 25 year period),
ENSO (El Niño and La Niña [El Niño‐Southern Oscillation], 2–7 year period), and NAO (North Atlantic
Oscillation, few days to few months period).

AMO and NAO had the most prominent influence on climatic patterns. AMO is associated with warmer‐drier
conditions, as indicated by the positive correlations for T, DI, and EI, along with negative correlations with P
and Q. In contrast, NAO had the opposite effect, promoting cooler‐ wetter conditions, as indicated by negative
correlations for T, DI, and EI, along with positive correlations for P and Q.

3.2. Seasonal and Vegetation Response Shifts

The hydrologic cycling of intensification‐de‐intensification had subtle effects on the length of the snow season,
the vernal window, and the autumnal window. In contrast, the effects on the length of the growing season were
profound (Figure 6). Intensification resulted in non‐significant (p ≥ 0.1) shortening of the snow season (later start
and earlier ending), lengthening of the vernal window (earlier start), lengthening of the growing season (later
ending), and shifting of the autumnal window (later start and ending) (Figure 6a). De‐intensification reversed
these trends, except for a continued lengthening of the growing season (Figure 6a), which coincided with a
significant (p < 0.1) rise in iNDVI (Figure 6b).

3.3. Changes in Atmospheric N Deposition and Stream N Export

Annual atmospheric acidic deposition, which includes wet nitrate‐N and ammonium‐N, rose to a peak in the late
1980s before declining until the end of the data series (no data were available after 2016). This trend had notable
monthly variability (Figure 7a). The increase and subsequent decrease in annual atmospheric acidic deposition
were reflected in stream N exports, although there were significant spikes during the transition phase from
intensification to de‐intensification (Figure 7b).
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3.4. Changes in N Flushing Times and C‐Q Hysteresis Metrics

The hydrologic intensification‐de‐intensification cycle affected N flushing times differently in the two catch-
ments. In catchment C35, N‐flushing times increased significantly (p < 0.1), while they remained stable in
catchment C38 (Figure 8). This divergence in N flushing behavior points to differential catchment responses to
hydrologic changes. Intensification, associated with smaller N exports (Figure 7), may have allowed for an
accumulation of N supply. The transition to de‐intensification, associated with larger N exports (Figure 7), may
have allowed access to the accumulated N supply that contributed to N export.

The C‐Q hysteresis metrics (Figure 9) closely aligned with N flushing times.

Figure 4. Annual and monthly (January [J] to December [D]) time series of: (a) mean temperature (T; °C); (b) total precipitation (P; mm) (blue) and total snow water
equivalent (SWE; mm) (orange); and (c) total discharge (Q; mm) in C35 (orange) and C38 (blue). In the monthly time series, white boxes represent the intensification
period, and gray boxes represent the de‐intensification period of the hydrologic cycle over the time series.
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Despite variability in DI and EI, the C‐Q hysteresis metrics remained rela-
tively stable throughout most of the time series. In both C35 and C38, the
flushing index (FI) remained on the right side of the x‐axis, which means
flushing, as indicated by the circles that represent the 5‐year averages and the
lines that represent individual years within each 5‐year period. However, the
hysteresis index (HI) fluctuated, ranging from positive values (toward the top
on the y‐axis), indicating spatially‐organized, proximal N sources, to near
zero or negative values (toward the middle on the y‐axis), indicating more
spatially‐disorganized, distant sources (Figure 9). In particular, a significant
shift away from positive HI values occurred during the last 5 years in both
catchments (purple circles), with this shift particularly evident in C35
(Figure 9a). This shift may reflect legacy effects of accumulated nitrogen
during the warmer‐drier conditions of preceding years. During this period,
there was an escalation in chemodynamic response, coinciding with changes
in N flushing times; before 1995, N flushing times were relatively short and
stable but thereafter lengthened and became more variable. Some of the most
extreme N flushing times were recorded toward the end of the time series (see
Figure 8).

3.5. Drivers of Stream N Export

Random forest analyses identified climate, along with N supply, storage, and
transport, as influential predictors of N export (Figure 10). N storage (rep-
resented by snow season length) and N transport (represented by vernal
window length) emerged as the most consequential predictor variables of N
export in both catchments. N export increased with lengthening snow seasons
but declined as vernal windows lengthened. EI ranked as the third most
significant predictor variable in both catchments, with N export decreasing as
EI increased. While DI was an important predictor variable in C38, showing a
similar decline in N export with increasing DI (Figure 10b), N export in C35
was unaffected by changes in DI (Figure 10a). N supply (represented by N
flushing times) was an important predictor variable in C38, where longer
flushing times correlated with increased N export (Figure 10b). While N
flushing times did not influence N export in C35, N supply as represented by

atmospheric acidic deposition was a moderately important predictor variable in this catchment with the same
positive correlation with N export (Figure 10a). Notably, N export in both catchments was unaffected by changes
in N supply as indicated by previous growing season iNDVI. Histograms of these drivers showed no evidence of
skewed distributions or outliers that might bias N export (Figure S1 in Supporting Information S1).

4. Discussion
The N flushing hypothesis—which was conceptualized during the 1980s—was developed during conditions of
rising temperatures and atmospheric N deposition (Creed et al., 1996), but these conditions have changed.
Northern temperate forests are undergoing substantial transformations due to increasing climatic variability and
ongoing acidification recovery (Laudon et al., 2017). The hydrologic cycle is intensifying, with wet periods
becoming wetter during spring and autumn and dry periods becoming drier during summer (Creed, Hwang,
et al., 2015; Huntington, 2006; Senar et al., 2018). However, this intensification is not linear—there are fluc-
tuations between intensification and de‐intensification, with the latter becoming more prominent in the 21st
century (Koutsoyiannis, 2020). This variability in the hydrologic cycle is influencing N export in forested
catchments, creating uncertainty about the future productivity and biodiversity of downstream surface waters.

4.1. Intensification and De‐Intensification of the Hydrologic Cycle

We hypothesized that climate‐driven hydrologic intensification would increase the event Dryness Index (DI) and
the Evaporative Index (EI), which, in turn, would lengthen N flushing times and shift concentration (C)‐flow (C‐
Q) hysteresis metrics. Precisely, this would reflect a transition from “flushing”—where N sources are spatially

Figure 5. The intensity of the hydrologic cycle is represented on the Budyko
curve by the mean semi‐decadal Dryness Index (DI) and Evaporative Index
(EI) values in (a) C35 and (b) C38. DI and EI increased for the first 25–
30 years, shifting toward the threshold between energy‐ and water‐limitation
(PET/P = 1). DI and EI decreased for the last 10–15 years, returning to
starting DI and EI values in C35 but not in C38. The years are color‐coded to
reflect a shift from warmer and drier periods (red) to cooler and wetter
periods (purple).
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organized and proximal to the stream (transport‐limited)—to “diluting”—where N sources are more disorganized
and distant from the stream (source‐limited).

We observed hydrologic intensification between 1982 and 2005, marked by warmer‐drier conditions, during
which EI and DI increased, yet N flushing times and C‐Q hysteresis metrics remained relatively stable. In
contrast, the period from 2006 to 2019, marked by cooler‐wetter conditions, shifted toward hydrologic de‐
intensification. During this period, EI and DI decreased, N flushing times lengthened but became more vari-
able, and C‐Q hysteresis metrics showed a small shift toward more negative (or less positive) flushing index (FI)

Table 1
Pearson CorrelationMatrix Between June‐May Annual Mean Temperature (T; °C), Total Precipitation (P; mm), Dryness Index (DI: Total Potential Evapotranspiration
((PET) ⁄P); mm mm− 1), Evaporative Index (EI: Total Actual Evapotranspiration (AET, P‐Discharge (Q) ⁄P); mm mm− 1), Total Discharge (Q; mm), and Climate
Oscillation Indices (AMO, ENSO, NAO, and PDO) for C35 (Top) and C38 (Bottom)

Note. Pearson correlations coefficients with p‐values in parentheses.
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and a more pronounced shift toward more negative (or less positive) hys-
teresis index (HI) values. This transition from intensification to de‐
intensification was reflected differently across catchments. For example,
C35 began within the Budyko curve in the 1980s, moved above it during
hydrologic intensification, and returned to it as conditions de‐intensified. In
contrast, C38 started above the curve and stayed elevated even as EI and DI
decreased, indicating that the presence of wetlands may have facilitated a
greater‐than‐expected allocation of water to the atmosphere during de‐
intensification (Figure 5).

These fluctuations were influenced by both climate change and natural
climate oscillations, such as the Atlantic Multidecadal Oscillation (AMO)
(Table 1). The hydrologic cycle's varying intensity has implications for
forested catchment processes, as described below.

4.2. Effects on N Supply

Hydrologic intensification contributes to more significant mid‐winter melt
events, rain‐on‐snow events, and more concentrated spring melts, resulting in
larger N exports (Casson et al., 2011; Creed, Hwang, et al., 2015; Kurian
et al., 2012).

In northern temperate forests of the northeastern U.S. and eastern Canada, the
traditional “spring thaw” no longer marks the onset of spring. Over the past
century, cold, snowy conditions have increasingly been replaced by an un-
consolidated, mushy matrix of soil waters (Contosta et al., 2019), with sig-
nificant implications for energy, water, and nutrient flows during the vernal
and autumnal windows (Contosta et al., 2017). Snow is a thermal buffer that
protects soil from freezing and supports microbial activity throughout winter.
This microbial activity contributes to a pulse of N‐rich discharge during the
spring hydrologic episode (Tatariw et al., 2017). The loss of cold, snowy
conditions—resulting in a thinner and shorter snow season—often leads to
intensified soil freeze‐thaw cycles. These cycles can reduce soil microbial

biomass and activity, lower N cycling (Sorenson et al., 2018), or cause microbial cell death and lysis. The latter
can trigger an increase in N‐rich discharge during the spring hydrologic episode (Sorenson et al., 2020).

The loss of cold, snowy conditions also affects the timing of leaf‐on and leaf‐off events, which, in turn, influence
the soil N pool (Groffman et al., 2012). However, there has yet to be a consensus on this relationship's timing,
magnitude, direction, or extent (Gill et al., 2015). Most studies suggest spring leaf‐on occurs earlier (Crabbe
et al., 2016), but autumn leave‐off varies. Some studies report earlier autumn leaf‐off (Fu et al., 2014), some report
no significant change (Crabbe et al., 2016), and others report delayed autumn leaf‐off (Gill et al., 2015). Keenan
and Richardson (2015) found that spring leaf‐on and autumn leaf‐off are interconnected, with earlier or later
spring events influencing autumn senescence, with legacy effects on N cycling into the following year. Autumn
leaf‐off contributes N to the forest floor, released during the spring melt.

Canopy defoliation may also be the result of the increased frequency, intensity, and duration of native or invasive
insect outbreaks (Tobin et al., 2013), redistributing soil N within forested catchments (Lovett et al., 2002) and
contributes to temporary increases in N discharges (Eshleman et al., 1998; Lewis & Likens, 2007; Swank
et al., 1981).

Following the period of hydrologic intensification, the forested catchments in our study responded to the sub-
sequent hydrologic de‐intensification with longer snow seasons, a narrowing of the vernal and autumnal win-
dows, and presumed recovery of at least part of the soil N pool, as atmospheric acidic deposition continued to
decline.

Figure 6. Annual time series of (a) snow season (white, first DOY with
SWE ≥ 20 mm to first DOY with SWE = 0 mm), windows (orange, vernal
window = end of snow season to start of growing season; autumnal
window = end of growing season to start of snow season), and growing
season (green), and (b) productivity of the growing season as indicated by
the integrated Normalized Difference Vegetation Index (iNDVI). There was
a significant (p< 0.1) increase in iNDVI; the green point (1992) was missing
data and therefore estimated using a linear regression of year versus iNDVI.
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4.3. Effects on C‐Q Relationships

We further hypothesized that catchments respond differently to hydrologic intensification versus de‐
intensification, with those catchments with larger hydrologic storage potential (i.e., wetlands) allowing for
buffering against these hydrologic changes.

The catchments exhibited different hydrological and biogeochemical re-
sponses to and recovery from hydrologic intensification. Specifically, C35
and C38 showed differing hydrological recovery patterns. For example,
compared to the baseline Q in the early 1980s, Q in C35 returned to baseline
conditions but not in C38 (Figure 4). This differential recovery occurred even
as the forested landscape exhibited continued increases in net primary pro-
duction (i.e., iNDVI) (Figure 6) despite the switch from hydrologic intensi-
fication to de‐intensification. Further, C35 and C38 showed differing
biogeochemical recovery patterns. For example, declines in atmospheric
acidic deposition were mirrored in declines in catchment N export in both C35
and C38 until the transition from hydrologic intensification to de‐
intensification. At this point, substantial year‐to‐year variability in N export
was exhibited, particularly in C35 compared to C38 (Figure 7).

Catchments can either amplify or mitigate N exports driven by climate. In
C35, the absence of wetlands amplified stream N export and increased year‐
to‐year variability in catchment N flushing times and C‐Q hysteretic metrics
(Figures 8 and 9). However, in C38, the presence of wetlands facilitated

Figure 7. Annual andmonthly (January [J] to December [D]) time series of (a) atmospheric total nitrogen (TN) deposition (mg ha− 1), and (b) stream nitrate‐N export (kg)
recorded at the catchment weirs in C35 (orange) and C38 (blue). In the monthly time series, white boxes represent the intensification period, and gray boxes represent the
de‐intensification period of the hydrologic cycle over the time series.

Figure 8. Annual time series of N flushing times during the peak spring
hydrologic flushing episodes in C35 (orange) and C38 (blue).
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alternative fates for catchment N sources. Wetlands promote denitrification,
producing nitrous oxide (N2O) and molecular nitrogen (N2) (Enanga
et al., 2017). Denitrification in wetlands during winter (Enanga, Creed,
Fairweather, & Casson, 2016) and during summer rain events (Enanga,
Creed, Casson, & Beall, 2016) increased atmospheric nitrogen export and
reduced aquatic nitrogen export. Consequently, in C38, wetlands mitigated
stream N export and reduced year‐to‐year variability in catchment N flushing
times and C‐Q hysteresis metrics (Figures 8 and 9).

N flushing times and C‐Q hysteresis metrics may also have limits regarding
their resistance to change and resilience to recovery from change (Creed
et al., 2014). The synergistic effects of climate trends and oscillations can
induce extreme drought conditions, disrupting hydrologic connectivity be-
tween uplands, ecotones, wetlands, and streams, which in turn affects the
transfer and export of energy, matter, and nutrients (Mengistu, Creed
et al., 2013;Mengistu,Quick,&Creed, 2013; Senar et al., 2018). Following the
Millennium Drought in Australia, catchments did not return to pre‐drought
conditions after the return of normal precipitation, with increased forest pro-
ductivity and associated enhanced ET implicated (Petersen et al., 2021).
Petersen et al. (2021) suggested that catchments might be limited to resilience
to hydrologic extremes, beyond which they transition to an alternative stable
state. In our study, catchments displayed varying degrees of recovery from
hydrologic intensification. While the Dryness Index (DI) and Evaporative
Index (EI) in catchment C35 and the DI in catchment C38 returned to pre‐
drought conditions, the EI in C38 remained elevated in the later years of the
study period (Figure 5). Nevertheless, both C35 and C38 showed increased
variation in their N flushing times and C‐Q hysteresis metrics.

In previous studies of TLW catchments, McPhail et al. (2023) suggest that the
C‐Q relationships of stream solutes remains persistent despite influences such
as climate change and acidification recovery. However, contrary to McPhail
et al. (2023), our findings indicate that the C‐Q relationship of stream N does
not remain persistent. Instead, it shows increasing variability in C‐Q hysteresis
metrics, potentially reflecting a limit to resilience under hydrologic extremes.

4.4. Effects on Coupling (vs. Decoupling) of C and Q

C‐Q relationships, which reflect a complex interplay between the hydrolog-
ical and biogeochemical processes, change across both temporal and spatial
scales (Bieroza et al., 2023; Godsey et al., 2009; McPhail et al., 2023;
Thompson et al., 2011).

During the period of hydrologic intensification, climate conditions became
warmer and drier, and atmospheric acidic deposition started to decline, likely
leading to stable C‐Q hysteresis metrics on interannual scales, with the pre-

dominance of flushing (positive FI) from proximal N sources (positive HI) (Figure 9). The stability of the C‐Q
patterns may have resulted from C and Q being “in sync,” with both C and Q decreasing simultaneously.
However, during the subsequent period of hydrologic de‐intensification, climate conditions shifted to cooler and
wetter conditions in the face of ongoing declines in atmospheric acidic deposition, likely leading to unstable C‐Q
hysteretic metrics, with the predominance of flushing (less positive to negative FI) from distal N sources (less
positive to negative HI) (Figure 9). The instability of the C‐Q patterns may have resulted from C and Q being “out
of sync,” with C decreasing while Q is increasing. These changes indicate a shift from transport‐limitation toward
source‐limitation and a general increase in the relative importance of hydrological over biogeochemical processes
(Heathwaite & Bieroza, 2021; Thompson et al., 2011).

HI was more variable than FI, indicating that the direction and amplitude of the hysteresis loops was more un-
stable than the slope. The relatively large variation in HI likely reflects a major variation in the delivery of N to the

Figure 9. Plots of concentration‐discharge (C‐Q) hysteresis metrics
(Hysteresis Index [HI] vs. Flushing Index [FI]) in (a) C35 and (b) C38. The
C‐Q hysteresis metrics are presented as means in 5‐year increments by
circles, with the individual years within the increment as lines emanating
from the means. The years are color‐coded to reflect a shift from warmer‐
drier periods (red) to cooler‐wetter periods (purple).

Water Resources Research 10.1029/2024WR038560

CREED ET AL. 14 of 19

 19447973, 2025, 3, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2024W

R
038560 by D

aniel A
lbertsson - Sw

edish U
niversity O

f A
gricultural Sciences , W

iley O
nline L

ibrary on [10/04/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Figure 10. Results of random forest analysis of the effects of climate (Dryness Index [DI], Evaporative Index [EI]), N supply (atmospheric acidic [TN] deposition,
previous growing season productivity [iNDVI], N flushing time), storage (snow season length), and transport (vernal window length) on N export using 100 random
forests in (a) C35 and (b) C38. For the variable importance plots (left), the length of the horizontal bars represents the relative importance of the variable in the random
forests indicated by the mean square error (MSE) (a). For the partial dependence plots (right), the mean marginal effects of each variable on N stream export while
holding the other variables constant are shown.
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stream. The extent of this shift was more pronounced in C35 than in C38, indicating the ability of catchments with
wetlands to buffer against hydrologic change. The relatively small variation in FI reflects the more minor vari-
ation in the long‐term storage and release of N from the catchments. The larger variation in HI suggests agreement
with findings in previous studies; for example, Bieroza and Heathwaite (2015) showed that the direction of C‐Q
loops changes on a seasonal basis, from counter‐clockwise during summer (hydrologic intensification, warmer
and drier) to clockwise (hydrologic de‐intensification, colder and wetter).

4.5. Future Research Priorities

Further research is essential to deepen our understanding of C‐Q relationships under changing climate conditions.
Key areas for investigation include:

1. Temporal variability: Examining C‐Q relationships over multiple temporal scales—ranging from hours to
decades—to better capture the effects of climatic variability and long‐term climate change on catchment
processes (McPhail et al., 2023; Rosi et al., 2022, 2023).

2. Spatial variability: Examining C‐Q relationships across multiple spatial scales—from headwater reaches to
downstream river sections—to better capture shifts in C‐Q hysteresis metrics driven by transitions in hy-
drologic processes. These include hillslope processes, where terrestrial nutrient sources connect to streams,
and riverine processes, where in‐stream transformations fundamentally alter nutrient pools (Creed &
Beall, 2009; Creed, McKnight, et al., 2015; Sanford et al., 2007; Taylor & Townsend, 2010).

3. Forest dynamics: Investigating the impacts of forest greening and browning associated with climate change on
N export behavior. These shifts affect how forests partition precipitation into evapotranspiration (ET) and
streamflow (Q), influence forest productivity, and ultimately alter N export dynamics (Boakye et al., 2023).

4. Model integration: Incorporating these insights into future models of catchment nitrogen cycling to improve
predictions under changing climatic conditions.

Addressing these research priorities will enhance our understanding of how evolving climatic conditions influ-
ence hydrologic and biogeochemical processes in forested catchments.

5. Conclusions
Our study highlights the complexities of nitrate‐nitrogen (N) export behavior in northern temperate forest
catchments under climate change and acidification recovery. Over a multi‐decadal time series, we observed
significant variability in hydrologically‐driven N export in two catchments, driven by climatic variability and
changes in hydrologic cycling. Following hydrologic intensification, a period of hydrologic de‐intensification
was characterized by longer N flushing times and pronounced reductions in the Hysteresis Index (HI) in the
concentration‐discharge (C‐Q) relationships. These changes suggest a shift from spatially‐organized, proximal N
sources to scattered, distal N sources. Following hydrologic intensification, larger N exports likely resulted from
tapping accumulated but previously untransported N reserves. However, if these reserves are finite, future N
explorts may decline. The catchment with larger hydrologic storage capacity (C38) showed greater resistance to
changes in the FI and HI compared to C35, emphasizing the buffering role of hydrologic storage against climatic
variability. Future research will investigate whether extreme variability in N flushing times and the transition
from proximal to distal N sources signal an impending tipping point.

Data Availability Statement
Data used in this study include: (a) daily stream water flow/discharge data openly available from the Government
of Canada; Natural Resources Canada; CFS/GLFC/FE (2020c); (b) daily stream water concentration data openly
available from the Government of Canada; Natural Resources Canada; CFS/GLFC/FE (2020b); and (c) weekly
bulk precipitation chemistry (bulk deposition) data openly available from Environment and Climate Change
Canada (2023). Daily snow water equivalent (SWE) data used to determine snow season start and end days, and
monthly and water year annual climate (temperature, precipitation, and Hamon potential evapotranspiration) data
used to support analyses are openly available from Creed et al. (2024). 60‐arcsecond historical monthly climate
grids for North America used to identify growing season start and end days are available on request from the
Government of Canada; Natural Resources Canada; CFS/GLFC/FE (2020a). Version 2108 of Microsoft Excel™
(Microsoft Corporation, 2024) was used for data archiving and sorting, most statistical analyses, and generating
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preliminary plots. Version 4.3.2 of R (R Core Team, 2023) was used to evaluate annual trends (“trend” and
“Kendall” packages), monthly trends using seasonal trend decomposition (“stl” function; Cleveland et al., 1990),
and random forest analyses (“randomForest” package). Calculations of HI and FI were performed using a script
executed in Matlab R2022a (MathWorks, 2022) openly available from Bieroza and Creed (2024). NDVI were
extracted from Landsat Collection 2 Level 2 data in Google Earth Engine using a code openly available from
Bansal and Ma (2024).
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