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ABSTRACT
Headwater streams are important locations representing access points to assess
aquatic to terrestrial fluxes and source areas that control the water and solute
fluxes to downstream aquatic environments. Boreal headwater streams are in
post-glacial high latitude landscapes which show a wide range of topographical
heterogeneity in landscapes containing high stores of organic matter highly
susceptible to climate change. Boreal streams represent important sentinels for
landscape changes relevant to global climate feedbacks. Catchment hydrology of
boreal streams is controlled by the precipitation regime, particularly snow
dynamics and the connection between the landscape elements and hydrology.
Snowfall and snowpack dynamics are important features impacted by recent
climate change over the last recent decades with potential to significantly impact
catchment hydrology of boreal streams and thereby terrestrial to aquatic
transport of water, solute, and nutrients in these high latitude landscapes. In this
study, I investigated two key boreal headwater components (low gradient wetland
and pond and upland forest regions) making up one third order stream watershed
situated in western Newfoundland and Labrador in Canada. The second chapter
describes a series of approaches evaluated for extending the rating curves
required to obtain discharge estimates from continuously monitoring water level
in remote, rocky small boreal streams beyond field measurement limited by access
during key high flow periods. Results of this study suggest that the use of
Ferguson flow resistant equations, which help to better inform the dischargegauge height relationship through incorporation of stream geometry including
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stream cross-section, stream gradient, and stream bed grain size data,
significantly improves discharge estimates. The third chapter focuses on the study
of water flux dynamics of a third order stream in three years contrasting in winter
and snowmelt dynamics. The goal of this work was to assess how annual and
seasonal discharge and runoff ratios of this small stream varied with (1)
differences in snowpack dynamics (i.e. little winter melt to complete snowpack
loss in mid-winter); and (2) watershed attributes defined by two key boreal
watershed elements (i.e. low gradient pond and wetland dominated and hillslope
forest dominated regions). Results from this work indicate that reductions in
spring snowmelt events can lead to reduced discharge on an annual basis and
decrease the contribution of water from upland hillslope regions that rely on
snowpack water storage in this catchment. This suggests reduction in hillslope
lateral flow water inputs associated with a reduced spring snowmelt event may
be associated with (1) reductions in overall stream water discharge, and (2)
increases in the proportion of low gradient pond or wetland contributions to the
aquatic environment in these boreal landscapes. Both of these may have
important implications for the boreal terrestrial-aquatic fluxes as well as
downstream aquatic ecosystems in this region in a future warmer climate.
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Chapter 1.0 Introduction and overview

Despite the varying definitions of what constitutes a headwater stream,
these streams are mainly identified as all first to second order streams which
aggregate to compose two-thirds of the total stream length in a river network
(Jencso et al., 2009). Therefore, headwater streams are the main contributors of
sediments, and nutrients for larger watersheds by interacting with many
hydrological pathways and source areas that control the downstream water and
solute fluxes (Sidle et al., 2000; Monteith et al., 2007; Sorensen et al., 2009; Huang
et al., 2013). Headwater streams are important locations for hydrologic
connectivity within watersheds, but they are also very responsive to
environmental changes occurring in their watersheds (Lowe and Likens, 2005;
Reichstein et al., 2013; Singh et al., 2016). The responses of these streams, in terms
of water and solute fluxes, to such changes, is critical to downstream ecosystems
but can also tell us quite a lot about the surrounding landscape response as well.
To better understand solute flux responses, such as carbon and nutrient transport,
we first need to understand the hydrological responses of these important
components of the watershed.

Boreal streams are in post-glacial landscapes that contain a lot of
topographical heterogeneity and are responding to rapid climate change. The
catchment hydrology of headwater streams is largely controlled by the
precipitation regime (Mcglynn et al., 2004), surface and subsurface soil
characteristics, the connection of landscape elements to topography (McGlynn
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and McDonnell, 2003; Seibert and Mcglynn, 2007), and hydrochemical attributes
(Jencso et al., 2009). However, the connection between the catchment structure,
precipitation regime and the runoff response are still poorly understood. This is
partly due to a lack of discharge measurements for small streams particularly in
more remote boreal regions. The majority of discharge stations set up by
governments are focused on larger stream and rivers as they cover greater
watershed areas and are generally simpler in some respects to monitor (e.g.
accessibility downstream, rating curve development).

The hydrologic connection between the landscape elements such as
hillslope, riparian zones, and streams occur when the water table continuity
occurs between their interfaces (Mcglynn et al., 2004; McGlynn and McDonnell,
2003). The surface gradient associated with low relief and steep hillslope
components of the landscape likely represents a significant control on the
infiltration and runoff regime (Sivapalan et al., 1987; McDonnell et al., 2007). As
an example, due to high flow conditions, hillslope soils can be more transitive and
large quantities of water and solutes can be transported to downstream regions
within those conditions. This connection is associated with catchment scale runoff
production (Devito et al., 1996), and the mechanisms for the delivery of water,
sediments, dissolved organic matter and nutrients to streams (Creed et al., 1996;
McGlynn et al., 2002; McGlynn and McDonnell, 2003). Hillslope contributes as a
major landscape element in forested headwater streams and hillslope soil acts as
an important factor of transporting surface and subsurface water and solute fluxes
to nearby streams (McGlynn and McDonnell, 2003; Jencso et al., 2009).

2

Snowpack in boreal high latitude ecosystems plays a key role in the
hydrological cycle where water is stored in the winter and released with the
spring snowmelt (Mote et al., 2005; Schelker et al., 2013). Winter and spring melt
discharge act as major components of the hydrology in snow dominated
watersheds. The rapid response to winter and spring melt events influences the
catchment hydrology of these snow dominated catchments and represents an
important example of precipitation regime controls on hydrology (McGlynn and
McDonnell, 2003; Schelker et al., 2013). Soil type and the soil water storage also
regulate the runoff generation and transport of water to streams (Tsuboyama et
al., 1994). Macropore flow within the forested soils can activate preferential flow
paths especially during the high flow conditions that can enhance the delivery of
water from terrestrial to aquatic environments (Jencso et al., 2009; Tsuboyama et
al., 1994; Tsukamoto and Ohta, 1988).

Timing and the form of the winter precipitation have changed due to
widespread warming in North America in twentieth century (Folland et al., 2001).
Snow accumulation and snowmelt conditions are climatically sensitive features
and therefore, changes in snow accumulation and snowmelt conditions make
significant effects for the timing and the magnitude of the spring melt driven
runoff (Nijssen et al., 2001; Stewart et al., 2005). Terrestrial to aquatic transport
of water, solute, and nutrient fluxes are greatly influenced by the observed
changes in snowmelt trends (Worrall et al., 2004; Kohler et al., 2009). For example,
variability in DOC fluxes in streams and rivers documented in many studies as a
consequence suggest the changing climate in high latitude ecosystems will likely
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have an impact on stream DOC export (Raymond and Saiers, 2010; Lepisto et al.,
2014). As an example, Huntington (2016) reported that increased runoff in winter
and in association with increased winter rainfall is responsible for increased
winter DOC fluxes and consequentially annual DOC fluxes of watersheds in one
high latitude temperate region (Huntington et al., 2016). The relative importance
of those factors controlling the water and solute fluxes of high latitude streams is
poorly defined but required if we are to determine responses of stream fluxes to
climate change. Difficulties in obtaining accurate stream discharge for full range
of gauge heights, however, remains a key challenge in defining those fluxes and
monitoring their responses to such change.

Headwater streams are often high gradient steep streams with large bed
particles and measuring direct discharge at high flow conditions has always been
a challenge due to the inaccessibility of field sites particularly during conditions of
spring melt and major storm events (Lindner and Miller, 2012; Sivapragasam and
Muttil, 2005). The development of appropriate methods of predicting discharge
for unmeasured gauge heights at high flow conditions will lead to accurate
quantification of headwater stream runoff to investigate the link between the
headwater streams and catchment hydrology. Accurate quantification of
headwater runoff can be important to understand the behaviour and effects of
landscape elements in catchment hydrology (Sivapragasam and Muttil, 2005;
Shiklomanov et al., 2006; Lindner and Miller, 2012; Coz et al., 2014). Continuous
records of gauge height data can be transformed into continuous discharge data
using an accurate direct stage-discharge relationship in order to obtain reliable
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quantifications of stream discharge and runoff (Ramsbottom and Whitlow, 2003;
Lang et al., 2010).

Boreal forests are high latitude ecosystems where some of the most
significant effects of climate change are predicted to occur (Hansen et al., 2006;
Hassol et al., 2004; Serreze et al., 2000; Smithson, 2002). One-third of the area of
the boreal zone is located in Canada and Alaska and its unique cold temperature
conditions create better conditions for the storage of one of the largest reservoirs
of global terrestrial carbon (30-35%) as SOC stocks (Ruckstuhl et al., 2008). Some
climate predictions based on future climate scenarios mentioned that the largest
temperature and precipitation increases will be in northern hemisphere upperlatitude regions (IPCC, 2001; Smithson, 2002). Changes in carbon fluxes have been
measured in boreal forested watershed regions in the past few decades, which are
interpreted to be in response to the climate induced changes (Stocks et al., 2000;
Ruckstuhl et al., 2008).

Terrestrial DOC is a major form of organic matter transported through
streams, especially in headwater streams due to their interaction between the
surrounding terrestrial environments. Stream DOC flux and its temporal and
spatial variations are governed by stream discharge and soil organic carbon (SOC)
characteristics. For example, riparian SOC content can be a significant factor that
controls 90% of DOC flux in streams as it has a significant effect on DOC fluxes in
some streams (Dosskey and Bertsch, 1994; Huang et al., 2013). In addition, soil
temperature, soil moisture, atmospheric nitrogen and sulphate deposition, plants

5

inputs into the soil and vegetation cover can also affect stream DOC composition
and flux (Eimers et al., 2008). Precipitation affects DOC concentrations both
directly and indirectly. In peaty soils, carbon is available and high rainfall rates put
DOC into solution. Thus, the highest DOC concentrations often coincide with high
discharge values associated with higher precipitation (Laudon et al., 2004;
Worrall et al., 2006). Soil saturation and high water tables can activate surface and
subsurface flow paths that may efficiently connect new soil carbon sources to
streams, thus increasing DOC concentrations in many high flow events (Fiebig et
al., 1990; Worrall et al., 2006; Jennings et al., 2010). Furthermore, these activated
flow paths may influence the stream chemistry by governing the fluid residence
times and the chemical equilibrium of stream water within the catchment.

DOC concentration and export in surface water have been increasing over
the past few decades in many high latitude regions of North America and Europe
(Hongve et al., 2004; Evans et al., 2005; Monteith et al., 2007). As a result, multiple
mechanisms for this widespread increase in DOC concentration have been
proposed. Proposed mechanisms include: increasing temperature and higher
atmospheric CO2 (Freeman et al., 2001), recovery from acid deposition (Monteith
et al., 2007), changes in sea-salt deposition (Freeman et al., 2001), alteration of
precipitation regime (Freeman et al., 2001; Hongve et al., 2004), and combination
of these factors have been suggested as possible leading factors for increasing DOC
concentrations in streams (Hongve et al., 2004). Changes in either or both
temperature and discharge may cause short-term temporal variability in DOC in
running waters (Clark et al., 2005; Eimers et al., 2008; Kohler et al., 2009). Many
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authors suggested direct and indirect effects of climate drivers impacting the flux
or concentration of DOC in higher latitude watersheds. Shifts in the precipitation
regime and changes in snowpack and snowmelt dynamics control discharge and
runoff ratios and thereby, can have impacts on the flow paths, source and
processing of solutes en route to the aquatic environment. These factors suggest
the potential for changes in solute transport including DOC as a consequence of
the changes in the snowpack.

Newfoundland

and

Labrador

boreal

forest

watersheds

enable

documentation of the water and solutes in boreal landscapes and effects of
temperature and precipitation changes on these ecosystems at watershed scales.
The climate in this area is characterized with cold winters covered with snow and
the mean annual precipitation is approximately 1200 mm with an average annual
daily temperature of 4.0 0C. Pynn’s Brook Experimental Watershed is located in
the mesic NW Atlantic boreal region of Canada which allows investigation of
stream discharge dynamics of a headwater boreal stream within a mesic climate.
Furthermore, this study site enables the study of these water fluxes specific to two
important boreal landscape elements and also provide tools to investigate water
fluxes within the context of more specific hillslope hydrologic studies occurring
within the same experimental watershed (e.g. soil and ground water and solute
fluxes).

The overall objective of this thesis is to quantify the annual and interannual
variation of water and the DOC fluxes in one boreal headwater stream. By
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quantifying the variation of headwater stream water and DOC fluxes, I addressed
the seasonal trends of these fluxes associated with estimated water fluxes and
how these trends differ between two key landscape elements. Water and DOC
fluxes were evaluated using the regional meteorological variables (precipitation,
runoff ratios) to understand the variation of these fluxes with respect to regional
scale. These variations provide insight into how some climate change
mechanisms, such as rain or snowmelt in winter, an increase in growing season
length, or the timing of snowmelt, might affect soil and stream water and DOC
fluxes.

The main objective of the second chapter was to establish a suitable
method for predicting discharge measurements across the full range of observed
gauge height values to obtain an accurate stage-discharge relationship for two
sites on a rocky headwater stream. I compared the predicted discharge values
with the regional runoff ratios to assess the estimated discharge values and rating
curves were further assessed by determining the full range of the discharge values
considering the factors used to generate the methods. By applying the rating curve
procedure developed in Chapter 2, I investigated the variation in water flux of a
boreal forested watershed in three years experiencing contrasting winter
precipitation regimes, and specifically within two common but contrasting
components of the watershed. Furthermore, I focused on how seasons and
precipitation regimes impacted water flux contributions from different landscape
components of the catchment.
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Chapter 2. 0 Development of an approach for obtaining rating curves for
rocky boreal headwater streams

Abstract
Boreal headwater streams are steep with large bed particles or bedrock
which make the measurements and estimation of the discharge difficult. Rating
curves are often used and extended (extrapolated) beyond the highest gauge
heights measured at the field sites due to the inaccessibility to field sites during
the floods and higher flows. Such extrapolations, commonly used in large rivers,
with more homogenous beds and geometries, are not likely to accurately
represent gauge height to flow rate relationships at high gauge heights in small
rocky streams. In this study, I tested several extrapolation techniques such as
curve fitting methods using simple regression techniques, Manning’s n method,
Jarrett’s method, a combination of Manning’s and Jarrett’s method, and Ferguson
resistance equation to extend the rating curves beyond the field discharge
measurements. Results of this study suggest the Ferguson resistance equation for
extrapolating rating curves based on Ferguson flow resistant provides the most
accurate rating curve to apply to the small rocky headwater stream studied here.
Obtained discharge estimates from the Ferguson resistance equation were further
verified by calculating runoff ratios and comparing those ratios with regional
runoff ratios. The result obtained here is likely due to the fact that the flow
resistant approach further constrains the rating curve more through site specific
field data such as stream cross-section, stream gradient, and grain size data.
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2.1. Introduction
Headwater streams link terrestrial and aquatic ecosystems and thus are
important locations representing the interface between water bodies and the
terrestrial environment (Devito et al., 2005; Gomi et al., 2006; King et al., 2010).
Defined as first or second order streams, headwater streams compromise two
thirds of the total stream length worldwide and the total watershed area (Leopold
et al., 1964; Sidle et al., 2000). What traverses this interface and ultimately
observed within the headwaters is highly sensitive to changes in hydrology and
biogeochemical processes occurring within the watershed (Fiebig et al., 1990;
Clark et al., 2005; Lowe and Likens, 2005; Eimers et al., 2008; Futter and Wit,
2008; Reichstein et al., 2013; Singh et al., 2016). Therefore, the behavior of solute
fluxes within headwater streams can assist us in understanding terrestrial to
aquatic connectivity and what controls this exchange (King et al., 2009).

Recent studies suggest that significant lateral and vertical fluxes of carbon
occur within the headwaters of some boreal and arctic watersheds (Köhler et al.,
2008). Changes in processes of lateral and vertical fluxes may cause increases or
decreases in watershed export of carbon. The downstream reaches of some high
latitude rivers are exhibiting increased organic carbon fluxes, however, the factors
contributing to this increased “browning” remains debated (Jennings et al., 2010).
Increasing trends, especially for carbon fluxes have been reported by many
authors and potential drivers of these trends include rainfall, temperature, acid
deposition, land-use and enrichment of CO2. Some rivers, such as the Yukon river
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exhibit decreasing carbon fluxes (Déry and Wood, 2005). This spatial variability
suggests that these changes in carbon fluxes in high latitude regions may be
primarily driven by precipitation and evapotranspiration changes. In some
instances, these increases are attributed to increased transport in winter
suggesting potential climate shifts in hydrology associated with changing winter
conditions (e.g. trends of decreased snow and increased rain) (Huntington et al.,
2004; McCabe et al., 2018). Winter rainfall can lead to snowpack reduction and a
greater proportion of organic matter can be mobilized before the typical snowmelt
period, this may increase terrestrial to aquatic carbon fluxes (Eimers et al., 2008;
Berghuijs et al., 2014).

Watershed morphology and soil permeability significantly regulate
hydrological processes, thereby controlling discharge patterns (Jencso et al., 2009;
Schelker et al., 2013). Headwater streams in post glaciated watersheds often drain
from pond, lakes and wetlands, before traversing through gradient hillslopes.
These watersheds exhibit a wide range of landscape heterogeneity leading to
complexity in watershed morphology

that, combined with variations in

vegetation, bedrock, and soil type govern the catchment hydrology in these
recently deglaciated landscapes (Devito et al., 2005; Freeman et al., 2007;
Mcdonnell et al., 2007; Schelker et al., 2013). For example, reduced soil water
storage capacity in impermeable layers of frozen soil in boreal forest catchments
leads to preferential paths ways to the generation of runoff (Carey and Woo, 1999;
Devito et al., 2005) and thereby related solute sources and fluxes.
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Understanding the interactive roles of such features, including soil water
storage and catchment morphology, with precipitation patterns can aid in our
predictive understanding of runoff generation in headwater streams in particular
as a response to climate change. Snowpack formation and melt typically dominate
many high-latitude watersheds with spring melt events often representing >70%
of total runoff (Hjalmar Laudon et al., 2004). Variation in snowfall and snowpack
associated with climate change represents an important change in precipitation
and thereby runoff patterns. Monitoring headwater runoff patterns in association
with variation in precipitation dynamics can be important to a predictive
understanding of runoff generation with climate change.

Boreal headwater streams are often steep with large bed particles or
bedrock, this makes the measurement and estimation of the velocity and thus
discharge difficult. Reliable stage data can be obtained from continuously
monitored water stage, but the transformation of these data into continuous
discharge requires an accurate stage-discharge relationship (McMillan et al.,
2012). Field measurements of velocity and calculated discharge from velocity and
area measurements are correlated with observed gauge heights to obtain the
stage-discharge relationship, which is referred as the rating curve (Lang et al.,
2010).
Accurate rating curves require a stable channel cross section and a range
of empirical discharge values throughout the range of observed gauge heights (Le
Coz et al., 2014; Lindner and Miller, 2012; Rantz, 1982; Shiklomanov et al., 2006;
Sivapragasam and Muttil, 2005). Discharge measurements during the high flow
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levels may be difficult due to dangerous conditions and the inaccessibility of field
sites (Sivapragasam and Muttil, 2005); conditions typical of headwater streams
during snowmelt or major storms in boreal landscapes. Moreover, stream gauging
structures (e.g. weirs) are difficult to build and maintained in remote regions that
are susceptible to ice damage and floods (Lang et al., 2010; Lindner and Miller,
2012). Therefore, empirical field discharge values for high stages are often not
obtained, and indirect estimates are required. Therefore, suitable techniques for
estimating discharge values for gauge heights above the measured field discharge
values need to be developed to study boreal headwater stream runoff (Braca,
2008; McMillan et al., 2010; Ramsbottom and Whitlow, 2003; Shiklomanov et al.,
2006; Sikorska et al., 2013).

Estimation of discharge values for unmeasured gauges in large river
systems is quite common and has been applied using a few different indirect
methods (Franchini et al., 1999; Toronto and Region Conservation Authority,
2008; Medalie, 2013; Roy and Mistri, 2013) and such methods include simple
regression analysis, and Manning’s equation-based methods. Significantly
different approaches were used in Manning’s based methods rather than
regression methods as unmeasured velocities are estimated using flow resistance
equations which are then used with the measured cross-sectional area to compute
discharge. Graphical methods based on logarithmic or regression methods such as
power regression methods are a common and simple way of establishing the
stage-discharge relationship (Herschy, 1995, 1993). DeGagne et al. (1996) used a
linear regression method to linearized stage-discharge data which is primarily
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used in rating curve extending. As an example, among the various curve fitting
methods of extrapolation, polynomial regression of second and third degree is
often used (Torsten et al., 2002).

In previous studies, methods that constrain flow resistance equations (e.g.
the Manning’s equation) were more accurate than regression models in predicting
high discharges.

Flow resistance methods, however, require additional

information about stream channel roughness and gradient (Arcement and
Schneider, 1983; Roberts et al., 2016). Headwater streams are high gradient
streams and applying flow resistance equations to rocky headwater streams is
quite challenging due to the need of appropriate Manning’s roughness coefficient
values (n) and need of accurate measurements of slope changes. Several
approaches were made by Jarrett (1987) and Ferguson (2006) to develop flow
resistance equations. Jarrett (1987) defined Manning’s n values for high gradient
streams based on empirical data and this relationship was developed between
Manning’s n and friction slope and hydraulic radius. Jarrett (1987) stated that the
roughness coefficient is a measure of the factors that effects on flow resistance
such as bed material, channel geometry, and vegetation type and density.
Ferguson (2007) further developed flow resistant equations based on grain size
data. More filed parameters such as grain size of the stream, hydraulic radius, and
channel gradient were used in his approach, providing more accuracy to velocity
estimates for high gradient streams. The flow resistance was related to relative
roughness (d/D84) and calculated by average depth (d) divided by D84 values for
boulder bed streams as recommended by Ferguson (2007).
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The main objective of this research was to establish a suitable method for
predicting discharge measurements across the full range of observed gauge height
values to obtain stage-discharge relationships for two sites on a rocky headwater
stream. To accomplish this, I used both extrapolations (curve fitting), and flow
resistance methods. I also integrated the two approaches by estimating high flow
values with the flow resistance approaches. This resulted in five different
extrapolated stage-discharge relationships using a curve fitting, flow conveyance
using Manning’s equation (FC method), velocity estimates based on Jarrett’s n
equation (Jarrett’s n Method), the combination of FC and Jarrett’s method
(combined method), and finally Ferguson’s resistance equation (Ferguson’s
method). In order to obtain five relationships, I used grain size, channel cross
section, and channel gradient data to compute the velocities and then discharge
values. These five curves were generated for one site dominated by forested
hillslope watershed and an upper site dominated by low relief pond dominated
watershed. Resultant rating curves were assessed by three main steps. Initially,
predicted discharge values were simply compared to one another using the
existing knowledge of the rating curves to narrow down the best methods.
Furthermore, the precision of each rating curve was used to bring out the best
approaches. Best described curves were then assessed by comparing them with
the regional runoff values. I then applied the best rating curve to three separate
years of continuous gauge height data to calculate water fluxes and compare with
the runoff in each year. Comparisons to the regional runoff ratios enabled me to
further assess the validity of the approaches developed.
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2.2 Methodology
2.2.1. Study region and site description
Horseshoe Brook is part of the Pynn’s Brook Experimental Watershed
(having coordinates of 48° 53’ 14” N, 63° 24' 24" W) site a collaborative research
platform supported by the Canadian Forest Service and part of the Newfoundland
and Labrador Boreal Ecosystem Latitudinal Transect (NL-BELT). Pond dominated
upper Horseshoe Brook site (UHS) (49° 4’’ 8.4” N, 57° 20' 58" W), and forest
hillslope dominated lower Horseshoe Brook site (LHS) (49° 4’ 9.6” N, 57° 20' 55"
W) were the main focus of this study. Catchment areas for UHS and LHS sites are
similar (3.84 km2 and 7.52 km2, respectively), but differ in catchment
characteristics such as morphology. UHS is a low gradient region influenced by
wetlands and five ponds whereas the LHS catchment is dominated by forested
hillslopes that connect to an incised, boulder-bed stream channel without a
prominent floodplain. The study site is dominated by Black spruce forest (Picea
maiana) varying from mature (>80 years of age) to recently harvested within 10
years (Moroni et al., 2010; Bowering et al., 2019).
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Figure 1. A map of the catchment area for the Horseshoe Brook located at the
Pynn’s Brook experimental watershed area near Deer lake, western
Newfoundland and Labrador, Canada. (Upper and the lower portion were labeled
as UHS and hillslope, respectively.

2.2.2 Stream site data collection
Continuous water level data on stream temperature and water level were
collected over three separate years between October 2014 to October 2018 using
in situ pressure transducer dataloggers (Onset U20 water level logger; MA, USA).
Four field site visits per year to stream sites were conducted for field
measurements of discharge, and cross-section, the slope, and roughness of the
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channel and to download data during this period. Friction slope or the slope of the
channel was also obtained from the onsite surveys where the cross-section of the
stream was located. Stream cross section information was made two times during
2017 and 2018 to assess the possible changes of the stream channel. Stream
gradient measurements were also taken by following the auto levelling surveying
techniques at each stream site.

Stream discharge was measured at the field according to the velocity-area
method (Turnipseed and Sauer, 2010). The velocity of the flowing water was
measured using a current meter (Swoffer model, 3000, Washington, USA). Width
of the stream was divided into 10-15 number of increments depending on the
depth and the velocity of the stream. Stream depth, and average velocity were
measured for each increment. For streambed where the depths are shallow,
velocity was measured at 60% of the distance from the water surface to the stream
bed. Grain size data were collected using a simple method suggested by Wolman
(1954). Total roughness of the channel can be expressed as relative roughness
(d/D84) of the channel (Leopold et al., 1984), where d is average depth and D84 is
particle intermediate diameter which equals or exceeds 84 percent of particles.
Larger grains contribute to more grain resistance and therefore, the flow resistant
was largely determined by the grain size of the stream bed (Prestegaard, 1983).
The grain size of the surface material was measured by walking a grid pattern over
the site. Particles under the toe of the boot were picked up and the intermediate
axis of the particles was measured. Measurements were taken approximately from
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around 75- 100 particles and data were plotted to compute the D84 particle
intermediate diameter.

Continuous water level records were captured for 30 min time interval at
the field by the HOBO water level loggers that were installed at the stream sites.
Downloaded data from the probes were atmospheric corrected using the
atmospheric pressure data downloaded from atmospheric pressure loggers
located at each stream site using HOBO air pressure data logger (Onset RX3000
data logger, MA, USA). However, there were no atmospheric probes were installed
at the sites in 2014 therefore, the source for atmospheric correction for 2014 was
downloaded atmospheric data from the Deer lake station (station number02YL007) Environmental Canada website.

The three years of gauge height and discharge data between 2014 – 2018
were studied representing three different hydrological years based on the
variation of the precipitation (Table 1). Year-1 was a hydrological year with a
consistent and continuous snowpack and large spring snowmelt without any real
melting events during the winter. Year-2 and year-3 were significantly different
from year-1 with different winters having a couple of storms or melting events
during the winter period. In Year-2, 4 melting events occurred throughout the
winter and in Year-3 a significantly reduced snowpack was experienced as a result
of a catastrophic melting and rain event that occurred in mid-winter (January 10th
- 30th). Amount of snow to the total precipitation was reduced from 42% in Year 1
to 34% in years 2 and 3.
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Table 1. Meteorological data downloaded for three years (Year 1 - 2014 October
to 2015 October, Year 2 – 2016 October to 2017 October, and Year 3 – 2017
October to 2018 October).

Period

Year 1
(continuous snowpack)
Year 2
(Small mid winter melts)
Year 3
(Large mid winter melt)

Total annual
precipitation
(mm)

Number of snow
melting events

Amount of
snow to
total
precipitation

1581.4

Spring melt only

42%

1285.7

4 mid winter + spring melt
One major mid winter +
spring melt

34%

1504.7

34%
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2.2.3. Calculating stream cross sectional area and wetted perimeter
Cross section areas for UHS and LHS horseshoe sites were calculated using
the field observations for the gauge heights which begin from the bottom of the
channel to the highest point where the cross-sectional area was recorded. The
place where the probe was located was considered as the bottom of the crosssection which was considered as the zero-water level. Bank full depth was traced
from the continuous water level records and considered as the maximum water
level that was recorded in the probes installed at the field sites. Calculation of the
wetted perimeter for each gauge height was conducted using the “Pythagoras
theory," and the determined wetted perimeter for each section (L) of the whole
cross section was finally added to the total wetted perimeter of each gauge height.
Computed wetted perimeter for a gauge height was then checked by an equation
which is used to calculate the wetted perimeter of a channel based on the shape of
the channel (Eq. 2).
𝑃=𝑇+

8𝑦 2
3𝑇

(2)

Where, T is the distance from one end to the other end of the channel, y is the
channel depth at the deepest point, z is the depth at specific water level, and x is
the distance from the deepest point to the channel end.
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Figure 2. Illustration of the cross-sectional area approach and calculations of
cross section of each small segment
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2.2.4. Methods used in this study to extrapolate rating curves beyond the field
measurements
Rating curves were developed for each stream sites. However, as noted
earlier a narrow range of discharge measurements was captured at the field which
covered a range of 10 cm to 49 cm of gauge heights for each site. Maximum
possible gauge heights were 135 cm to 155 cm for UHS, and LHS respectively.
Therefore, a need for a representative rating curve for the entire range of water
levels often highlighted. Five approaches such as curve fitting, FC, Jarrett’s, a
combined method, and Ferguson’s methods were tried to predict the unmeasured
discharge measurements.
The following relationships were derived using gauge height, cross-sectional area
and the water velocity for each site in order to apply and assess five approaches
for extending the rating curve for these two sites in order to calculate the
discharge.
I.

A relationship between gauge height vs. inundated cross-sectional area,
which provides information on the increase in cross-sectional area with
gauge height (Q = A*V, where Q = discharge m3 s-1, A = cross sectional area
m2, and V = velocity m s-1).

II.

A relationship between gauge heights vs. velocity for each site.
This relationship was generated by calculating velocity using the
measured discharge data (m3 s-1). Each discharge measurement was
divided by the cross-sectional area (m2) to determine the mean velocity.
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Velocity usually increases as a power function of discharge for in-channel
flows (Leopold et al., 1968; Dingman et al, 1984; Lawrence, 2007a)
Therefore, I used geometry relationships to determine if either site might
have sufficient data to evaluate this relationship between discharge and
velocity (Leopold et al., 1968).
III.

The two relationships, Q–area (A) and Q–velocity (V) were constructed for
each site using a range of gauge height values that encompassed all the
observations of Q made at each site. This resulted in two sets of equations:
V = kQm

(3)

A = oQp.

(4)

Due to continuity (i.e. Q = AV), the exponents of these two equations must
sum to 1, and the product of the coefficients must equal to 1. Exponents and
the coefficients were tested using five methods for each stream site and the
values of the exponents and coefficients were evaluated to determine the
continuity of the Q = A*V equation.

2.2.5. Methods used to extend the field discharge measurements to generate
rating curves
Five methods have been applied in this study including one graphical
method and four methods based on stream geometry information to assess their
adequacy in generating discharge estimation in a small, rocky boreal stream.
Among those methods, curve fitting relied on regression relationships and except
for curve fitting method flow conveyance, Jarrett's n method, combined method
and Ferguson's method were based on the data obtained from the geometry of the
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channel such as cross-sectional area, gradient, Manning's roughness coefficient
and the average grain size.
2.2.6. Regression methods
Generated rating curves using the field measured discharge values were
extended by applying the second and third order polynomial regression models in
order to estimate higher discharge values (Torsten et al., 2002).

2.2.7. Application of Manning’s equation for FC method for rating curve
extending
Manning’s roughness coefficient, n is used to describe the relative
roughness of a channel which is in the form of manning’s the general equation for
open channel flows (Jarrett, 1985; Barnes, 1967).

𝑉=

1⋅486
𝑛

2
3

1
2

𝑅 ⋅ 𝑆𝑓

(5)

Where, V is the mean velocity of flow (in feet per second), R is the hydraulic radius
(in feet), Sf is the slope of the energy grade line, and n is the Manning's roughness
coefficient.
Manning's roughness coefficient was used here to predict the discharge
values based upon hydraulic radius and the slope of the channel for each of the
two sites. Hydraulic radius was computed by dividing the cross-sectional area of
a stream from the wetted perimeter. It is important to keep in mind that the
wetted perimeter does not include the surface irregularities of the submerged
section. For sites where gradient and velocity are measured, n can be calculated.
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For coarse-bed rivers, n usually decreases with discharge (Ferguson, 1986). Flow
conveyance, K equals to S1/2/n, can be calculated using Eq (6).
2

𝐾 = 𝑉 ⋅ 𝑅3

(6)

Where, K is flow conveyance, V is the velocity obtained from measured discharge,
R hydraulic radius determined from the ratio of the cross-sectional area divided
by the wetted perimeter. K values were determined using the Eq (6). Conveyance
K for channels often increases with gauge height, but it can also stay constant if
increases in flow turbulence offset the increase in flow depth. Flow conveyance
was assessed to determine if it was relatively consistent or predictable for each
site and thereby assess the potential of using K to predict unmeasured velocity
values for gauge heights beyond the measured discharge values. The estimated K
values for unmeasured gauge heights obtained via Equation 6 were multiplied by
R2/3 to obtain unmeasured velocities and then discharge values. Rating curves
were then generated using those newly predicted discharge values based upon
this approach constrained using Manning’s equation and flow conveyance.
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2.2.8. Application of Jarrett’s n method for rating curve extrapolation
𝑛 = 0 ⋅ 39𝑆𝑓0⋅38 𝑅 −0⋅16

(7)

Where, n is roughness coefficient, Sf is the friction slope and R is the hydraulic
radius.
Equation 7 was used for predicting the Manning’s n for higher gradient natural
channels such as rocky headwater streams which are graphically represented in
Figure 3. The slope of the channel (Sf) was used in conjunction with R to obtain n.
Resultant n value for each gauge height was used to estimate the velocity as per
Eq. 5 and Eq. 7 and calculated V values were used with the channel cross-section
to compute the discharge.

Figure 3. The figure of Manning's roughness coefficient vs. friction slope which is
used to compute the Manning's n value taken directly from Jarrett (1987).
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Resultant discharge values from FC and Jarrett’s methods were plotted
against the field measurements of discharge values to check the validity and the
deviation of the estimated values from the field discharge values. However, as
reported in the literature, Jarrett’s method was most suitable for estimating high
energy discharge values which were limited using this approach for estimating a
range of discharge values (Jarrett, 1987).

2.5.4. Generating a combined rating curve using both FC and Jarrett’s n method
A combined rating curve was also generated using both sets of discharge
values that were determined by the FC and Jarrett’s methods in order to obtain a
reasonable representative rating curve for both lower and higher gauge heights.
The lower part of the rating curve (up to field measurements) was generated using
the discharge values obtained from the FC method, and the upper section (beyond
the field measurements) was constructed with the discharge values obtained from
Jarrett's method. The obtained gauge height-discharge relationship using a
regression line through the resulting values from the two methods was adjusted
by the solver function in Microsoft Excel to minimize the error of estimation. After
generating a representative rating curve for both lower and higher discharge
values, the curve was adjusted using “solver function” in Microsoft Excel to obtain
the best fit curve for the stage-discharge relationship.
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2.2.9. Application of Ferguson’s resistance equation for rating curve extrapolation
Ferguson velocities and discharge values were estimated and used to
generate another gauge height-discharge relationship. Those estimates were
based upon flow resistance which was quantified and defined by relative
roughness, cross section, average velocity, mean flow depth, and gradient
(Ferguson, 2007). Hydraulic radius and grain size data or intermediate diameter
of streambed particle distribution (D84 values) were used in this approach to
computing the velocities and the discharge values. The flow resistance was related
to relative roughness (d/D84) and calculated by average depth (d) divided by D84
for boulder bed streams as described in Ferguson (2007).
𝑢∗ = 𝑔0.5 ⋅ 𝑅 0⋅5 ⋅ 𝑆 0⋅5

(8)

Where u* is shear stress, g is gravitational acceleration, R is hydraulic radius (cross
section/wetted perimeter), and S is gradient. Hydraulic radius was determined by
cross sectional area divided by wetted perimeter for each gauge height and shear
velocity was calculated by multiplying the square root of g, R, and S (Eq. 8).
𝑢
𝑢∗

= 2⋅(

𝑑

𝐷84

)

(9)

Where u/u* is a resistant parameter, d is depth, u is stream velocity and D84 is the
particle intermediate diameter that equals or exceeds that of 84 percent of the
particles. u/u* values for each water levels were determined using Eq. (9) and
resultant was multiplied by u* values which were obtained from Eq. (8) to
determine u. u value was then multiplied by the channel cross section to determine
the discharge. In summary, each of the five separate methods described above
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utilized one or two different equations in order to predict discharge values
associated with gauge heights at each of the two streams sites (Table 2).
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Table 2. Equations used for different extrapolation methods
Method

Mathematical equation used

Curve fitting

Based on a regression method

FC method (Ferguson, 1986)

Eq. 6

Jarrett's method (Jarrett, 1987)

Eq. 7

Combined method

Eq. 6, Eq. 7

Ferguson method (Ferguson, 2007)

Eq. 8, Eq. 9

Table 3. Field data used for different extrapolation methods (all required
gauge height and the available field discharge measurements).
Method

Required field data

Curve fitting

Gauge height and measure discharge values

FC method

Hydraulic radius

Jarrett's method

Hydraulic radius, channel gradient

Combined method

Hydraulic radius, channel gradient
Hydraulic radius, channel gradient, grain size

Ferguson method

data

2.2.10 Assessment of rating curve generation
Five approaches were assessed in order to select the best rating curve
which provides the most reliable estimates of unmeasured gauge heights. To
accomplish this task, mainly three approaches were considered. Initially,
predicted discharge values were simply compared with one another to rule out
the inappropriate unrealistic discharge estimates. Next, rating curves were
narrowed down calculating the precision of discharge estimates as the next step
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of assessing the curves. Lastly, discharge data were used to calculate runoff (Water
Volume/Basin Area) and to compare with precipitation. This provided a water
balance constraint; summer storm and annual runoff values could not be higher
than precipitation values. Runoff ratios (runoff coefficients) could also be
compared with regional values.

Runoff ratios were used to assess the suitability of each of the five methods
tested here for extrapolating discharge values. Estimated discharge values were
converted to mm of runoff in order to directly compare those estimates with the
precipitation obtained from the Deer Lake Station, located 20 km from the study
catchment, and operated by Environment Canada (02YL007, Environmental
Canada). Obtained discharge values were then divided by the precipitation values
to calculate the seasonal and annual runoff ratios. The annual runoff values for
each site was compared with the regional runoff ratios computed from the
Humber River, a 5th order river with a catchment area of 2,110 km2 (Humber
Village Station, 2YL001, Environment Canada 2010-2018). The study catchment
is located within the Humber River watershed and 30 km from the Humber Village
discharge station. Runoff ratios were also obtained for a local 3rd order stream,
South Brook, as another reference to determine the validity of the calculated
runoff values from each approach assessed here. The South Brook discharge
station (02YL004, Environment Canada) is located approximately 35 km from the
study catchment and captures the runoff from a catchment area of 58.5 km2.
However, computed runoff ratios were used to assess and select the best rating
curve that provides the most reliable estimates.
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2.2.11 Error analysis
Lower and upper ranges of discharge estimates were calculated for the best
rating curve after accessing the five curves. Rating curve uncertainties depend on
the data that were used to estimate discharge values for each method. Each of the
factors that were used for generating rating curves has some level of uncertainty
and the best estimate of uncertainty was to determine the uncertainty of each of
the factors that were used to generate the rating curve. Although I am unable to
determine the full uncertainty associated with the rating curves developed for
each stream site, I determined the variation observed in each of the factors used
and calculated the full range of known variation for the discharge estimates made.

I used the most recent field measurement of each parameter to develop
rating curves as I had few measurements for each field parameter that were
collected at different times. I determined the percentage variation of each of the
parameter by considering the number of measurements obtained at the field. As
an illustration, if a parameter was measured two times at the field, I used to the
most recent value for rating curve development and then and the percentage
variation of the most recent value to the previous measurement was calculated.
After calculating the percentage variation, I determined the highest and the lowest
possible error values for each parameter using the above percentage to obtain the
highest and the lowest variation ranges.
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2.3 Results and Discussion
2.3.1. Stream site characteristics and discharge
The UHS and LHS field sites differ in the shape of the cross section, stream
gradient, and particle size distribution. The UHS site drains a low relief area with
shallow first order streams consisting of rocky and boulder characteristics.
Compared to the UHS stream site, LHS stream site drains primarily a hillslope
region which helps to generate more runoff.

Bank full levels based upon cross sections were referred as gauge heights
that just begins to spill out of the channel into flood plain, and those values for all
three years were 145 cm and 85 cm, respectively, for LHS and UHS. Highest gauge
heights for LHS and UHS were recorded in the probes as 139 cm and 72 cm,
respectively and these values were below the bank full levels for both LHS and
UHS stream sites (Table 4). Field discharge measurements were made for 9 and 5
different gauge heights at LHS and UHS, respectively. Field discharge
measurements covered gauge heights between 21 and 49 cm at the LHS stream
site and from between 10 cm to 15 cm at UHS. The LHS exhibited a comparatively
higher gradient (0.031 m per m) relative to the UHS stream site (0.023 m per m).
Intermediate particle size diameter of D84 values was found to be 0.80 mm and
0.65 mm for LHS and UHS, respectively. Roughness coefficients (n) were also
similar for each site and ranged between 0.08 – 0.1.
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Table 4. Highest water levels observed for two stream sites
Year

Year 1
Year 2
Year 3

Stream site
LHS
cm

UHS
cm

101
139
117

72
55

The LHS stream site showed more consistency in the geometric
relationships assess and likely due to the fact that more field discharge values
were recorded for LHS compared to UHS site (Table 4). These relationships were
obtained as an initial evaluation of the five methods of discharge estimation.
Products and the sum of m and p exponents should close to 1 to be consistent with
Q=A.V equation (Lawrence, 2007), and I found that LHS provided more reasonable
estimates for those exponents which were close to 1. In contrast, the sum and
products of m and p deviated from 1 in some cases in the UHS stream site (Table
5) and likely because of the fewer field measurements. This suggests a minimum
(at least 10) number of field discharge measurements required to determine the
consistency of these geometric relationships.
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Figure 4. The shape of the channel cross section measured from left to right bank,
looking upstream and the location of the water level probe for LHS (top panel) and
UHS (bottom panel) plotted using the field measurements.
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Table 5. Geometry factors and their relationships used in assessing continuity via the Q=AV equation for UHS and LHS stream
sites.

Site
Method
UHS

Product of
Exponents Exponents Coefficients Coefficients coefficients
m
p
k
o
k*o

Sum of
exponents
m+p

Curve fitting

0.145

0.855

0.850

1.177

1.000

1.000

FC method

0.217

0.468

0.364

0.433

0.158

0.685

Jarrett's method

0.855

8.421

8.421

1.177

9.907

9.276

Combined method

0.305

0.695

0.780

1.283

1.000

1.000

Ferguson method

2.446

1.446

2.887

2.869

8.282

3.892

Curve fitting

0.446

0.554

2.537

0.394

1.000

1.000

FC method

0.624

0.330

0.448

2.092

0.938

0.954

Jarrett's method

0.306

0.694

0.699

1.430

1.000

1.000

Combined method

0.617

0.383

0.505

1.980

1.000

1.000

Ferguson method

0.440

0.560

0.341

2.937

1.000

1.000

LHS
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Figure 5. Relationships for cross-sectional area vs. discharge (upper panel) and
velocity vs. discharge (lower panel) derived from all five methods used in the
study and applied to the LHS site.
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Figure 6. Relationships for cross-sectional area vs. discharge (upper panel) and
velocity vs. discharge (lower panel) derived from all five methods used in the
study and applied to the UHS site.
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2.3.2. A comparison of the five approaches for generating stream rating curves
There were several practical issues identified when a curve fitting method
was applied to the datasets collected for the two streams sites studied. Results
revealed that the curve fitting method relied more on the geometric features of
these stream sites when developing an adequate rating curve covering the full
range of gauge heights.

Both curve fitting and the FC methods provided reasonable estimates of
discharge at lower gauge heights and performed well for gauge heights up to 50
cm with an error of ± 6% (Table 6). However, discharge estimates using the FC
method yielded significantly higher values for 1 m gauge height which are above
those made in field measurements (Table 7). In fact, the FC method provided the
highest discharge estimates among all the methods as exhibited in data for a gauge
height of 1 m in both LHS and UHS stream sites (8.78 m3 s-1 and 29.2 m3 s-1,
respectively; Table 6). In contrast, the lowest estimates of discharge among all the
methods were obtained using Ferguson’s method which estimated discharge to be
2.88 m3 s-1 and 0.6 m3 s-1 at LHS and UHS, respectively, at the same gauge height
(Table 6). The predicted total discharge value of Jarrett’s method was 1.37 m3 s-1
for 50 cm gauge height whereas actual field discharge measurement was 0.83 m3
s-1. Moreover, Jarrett’s method provided reasonable estimates for 1 m gauge
height for both LHS and UHS stream sites (6.45 m3 s-1, 3.36 m3 s-1, respectively)
and the predicted total discharge of 6.45 m3 s-1 for that gauge height was 26%

60

lower compared to the discharge value of FC method for the same gauge height
(Table 5).
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Figure 7. Discharge estimates made using each of the five methods assessed in
this study for the LHS (top) and UHS (bottom) stream sites. Discharge estimates
using the flow conveyance (FC) method for the UHS stream site was plotted in the
secondary y-axis in the bottom panel).
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Table 6. The predicted total discharge for a gauge height of 50 cm, which
corresponds to a field measurement of 0.83 m3 s-1, as determined by each of the five
different approaches and provided with percent error.
Method

Error for 50 cm of field discharge
Field discharge for 0.83 m3 s-1
m3s-1

Percent error

Curve fitting

0.71

-12%

FC method

0.78

-5%

Jarrett's method

1.37

+65%

Combined method

0.75

-9%

Ferguson method

0.55

-33%

Table 7. Estimated discharge for a 1 m gauge height at both the LHS and UHS site
using the five different prediction methods used. No direct measurements of
discharge are available for this gauge height.
Method
Curve fitting
Flow conveyance (FC method, Manning's eq)
Jarrett's n method
Combined method (FC and Jarrett's)
Ferguson method (Ferguson, 2006)

Estimated discharge for 1 m of the upper
section of the rating curve
LHS
UHS

m3s-1

m3 s-1

4.26

2.25

8.78

29.26

6.45

3.36

6.45

3.36

2.88

0.60
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Considering the results obtained for FC and Jarrett’s methods, both (Table
6 and 7) performed well for specific sections of the rating curve, but poorly for
other sections of the rating curve. As an example, the FC method better estimated
discharge for the lower part of the rating curve while Jarrett’s method performed
well for the upper section. With these observations, I was encouraged to define
lower and upper portions of the rating curve separately as each method
performed well for different sections (Table 6 and 7).

Lack of field information that was constrained in the FC method which may
lead to poor performance in predicting discharge at higher gauges. Only the
channel cross section and wetted perimeter were used to constrain discharge,
which appears to be not enough to describe the features of rocky headwater
streams. The main limitations of the FC method to lower gauge heights are the
changes in channel roughness coefficient values, and slope gradients with rapidly
changing depths specially in headwater streams at high energy levels (Jarrett,
1987; Roberts et al., 2016). However, by constraining more field data such as
roughness coefficient values may have added more accuracy to Jarrett’s estimates
as shown in these results. As recommended by Jarrett’s (1987), constraining
roughness coefficient values in predicting discharge for high energy streams was
more successful and appropriate in comparison with the FC method.

A combined rating curve using each of these two approaches but applied to
specially defined parts of the rating curve and resulted in a better overall rating
curve then either was able to provide individually. A discharge of 0.75 m3 s-1 was
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predicted by the combined rating curve for 50 cm gauge height which was roughly
a similar estimate to the measured discharge of 0.83 m3 s-1 within the 9% error
associated with this field measurement for that gauge height. However, the
discharge for the upper limit of the rating curve for 1m gauge height was reported
as 6.45 m3 s-1 by combined rating curve. As suggested by Jarrett’s (1987), I used
Eq. 7 to calculate appropriate Manning’s roughness coefficient values for higher
gauge heights. By addressing the uncertainty associated with stream roughness
values, especially for rocky headwater streams at high flows conditions, could
reduce the error associated with high discharge predictions.

However, several challenges should be addressed when considering a
combination of methods such as determining the lower and upper limits of a rating
curve. As an illustration, in this study, I used FC estimates up to field discharge
measurements and Jarrett’s method was used for the upper section of the rating
curve. Ferguson’s method provided the overall lowest discharge predictions for
the entire catchment. Those discharge values for total catchment area were 2.66
m3 s-1 and 0.6 m3 s-1 for LHS and UHS, respectively. Methods that constrain more
features that describe the channel geometry seemed to be more accurate in
establishing adequate rating curves and Jarrett’s and Ferguson’s methods
appeared to be in successful in predicting those values by consuming more field
data in these two approaches. Selecting the best approach for predicting discharge
and accessing the predicted discharge values, have become quite challenging.
However, comparing the predicted runoff ratios with regional runoff ratios seems
more reasonable in accessing the estimated values.
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Section 2.3.3 Evaluation of the combined rating curve and the rating curve based
upon Ferguson’s method for estimating discharge based upon runoff ratios.
Table 8. Discharge, runoff and runoff ratio estimates for Combined and Ferguson
methods
Year

Year 1
Year 2
Year 3

Total discharge×106(m3)

Total runoff×102 (mm)

Runoff ratio

Combined

Ferguson

Combined

Ferguson

Combined

Ferguson

33.75
27.39
19.02

15.00
11.57
9.27

25.22
20.47
14.21

9.74
8.70
6.93

1.70
1.54
1.03

0.83
0.79
0.55

The rating curve based upon Ferguson’s method appeared to have
provided the most reasonable estimates of discharge for the two stream sites
investigated here as compared with the combined rating curve. The combined
rating curve generated relatively high total discharge estimates of 3.4 X 107 m3,
2.8 X 107 m3, and 1.9 X 107 m3 in years 1, 2 and 3, respectively, as compared with
the rating curve based upon Ferguson’s method (Table 8). These higher discharge
values resulted in unreasonable runoff ratios of 1.70, 1.54 and 1.03 for year 1, 2
and 3, respectively, as compared with the regional runoff ratio of 0.65 as derived
from the historical precipitation data for the area obtained from Environmental
Canada (Humber river, station number 02YL012, Environmental Canada). Total
annual discharge for the total catchment area, as measured at LHS estimated using
Ferguson’s method were lower than those were estimated using the combined
rating curve method and found to be 1.3 X 107 m3, 1.2 X 107 m3, 9.3 X 106 m3 for
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year 1, 2 and 3, respectively. Consequently, the runoff ratios based upon discharge
determined via Ferguson's method rating curve were lower and more comparable
to regional values (0.83, 0.77 and 0.55 for year 1, year 2 and year 3, respectively;
Table 8). When comparing the runoff ratios, the combined rating curve appeared
to over predict the discharge. However, these results reveal that the Ferguson
method provides more realistic discharge and runoff estimates.

Streams like headwater streams show huge variations in their geometry
and morphology and these variations were addressed in Ferguson’s method by
considering grain size data, slope, hydraulic radius, and flow resistance. During
high flows, flow resistance does much impact when submerged areas provide
extra resistance to flow and by applying flow resistant data including grain size in
Ferguson’s method, provided meaningful discharge estimates. Total resistant to
flow was described as relative roughness in Ferguson approach. Therefore, grain
size data acted as distinguishing feature Ferguson’s method adding more
information of flow resistance in this method.
2.3.4. Error analysis for predicted Ferguson’s rating curve
Discharge estimates were based on Ferguson estimates using Ferguson
equation depending on D84 value, R, and slope measurements (R equals to cross
section divided by wetted perimeter and I considered the cross section as it was
measured at the field sites). Each of the factors that were used to determine any
discharge measurement using Ferguson’s equation has some level of uncertainty
and requires a reasonable estimate of uncertainty. The best estimate of the
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uncertainty of each of those factors was to determine the full range of potential
values estimated for discharge. However, I was unable to determine the full
uncertainty associated with the rating curves developed for each site. Therefore, I
determined the variation observed in each of the factors used and calculated the
full range of known variation for the discharge estimates made.

I determined the percentage variation of each of the three parameters
required in the Ferguson equation by considering the number of measurements,
measured at the field at different times. For example, the slope of the LHS stream
site was measured two times during 2017 and 2018. I used the most recent values
for my rating curve developments and the percentage variation of the most recent
values to the previous measurement was calculated to determine the % variation
of the slope. Following the same procedure, the percentage variation in the
measured D84, slope, and cross section measurements of the channel was
calculated as 10%, 13%, and 10%, respectively. For each parameter, I calculated
the highest and the lowest possible values using the above percentages. I
considered each possible combination (eight combinations in all) of the highest
and lowest values within the stage-discharge equation to calculate eight sets of
Ferguson discharge values. Then, obtained the highest and lowest possible
discharge values to calculate the full range of discharge estimates (Fig. 4). After
determining the highest and the lowest values, I came up with three stagedischarge relationships, one for the original relationship and the other two for the
highest and the lowest estimates. Range of variation for predicted Ferguson’s
discharge estimates were increased from lower gauge heights to higher gauge
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heights. Upper and lower bounds of that variation for LHS and UHS sites were
presented in table 9.
Table 9. Range of variation values for Ferguson discharge estimates
Gauge
height

LHS

UHS

Original

Lower

Upper

Original

Lower

Upper

m3s-1

m3s-1

m3s-1

m3s-1

m3s-1

m3s-1

50 cm

0.55

0.43

0.59

0.29

0.26

0.36

100 cm

2.88

2.28

3.13

0.92

0.84

1.12
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Figure 7. Ferguson rating curve for LHS (top) and UHS (bottom) stream sites.
Lower and upper uncertainty ranges were plotted in red color.
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2.4. Implications of Ferguson’s resistance equation applied to the rocky
mountainous stream

Flow velocities of these small streams depend on various factors which
describe the geometry of the stream channel. Therefore, methods that constrain
more field information have become more successful to predict indirect discharge
values, especially for first-order rocky streams. Ferguson’s method was developed
based on field parameters related to the geometry of the channel. However, more
data were required and constrained for this approach such as the gradient of the
channel, grain size data, hydraulic radius, and average depth values which can be
used to improve rating curve development (Table 3).

Headwater streams are heterogenous in geometry and morphology and
complex systems to predict indirect discharge values (Mcdonnell et al., 2007). As
suggested by many authors, flow resistant act as a prominent factor in controlling
streamflow (Prestegaard, 1983; Ferguson, 2007; Roberts et al., 2016). Ferguson
method was far more accurate and reliable in means of extending rating curves as
Ferguson’s method fulfilled the requirement of more field parameters like flow
resistant to predict discharge in heterogenous headwater streams. Results of this
study revealed that having information to better exploit the geometry for stream
sites such as rocky headwater stream help to develop rating curves to estimate
discharge. However, there were difficulties in capturing the heterogeneity to
obtain a more accurate estimate of discharge for different stream networks such
as small and higher order scale streams (Mcdonnell et al., 2007). Heterogeneity
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influence greatly on the water flux variations on those scales of streams where
there is a large variation of the channel geometry and roughness. However, in
order to develop methods of estimating indirect discharge in headwater streams
with steep gradients, hydraulic jumps, plunge pool sequences etc., new methods
should be developed to assess the channel geometry and the roughness more
accurately.
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Chapter 3.0 Annual and seasonal variations in water fluxes of a boreal
forested headwater stream.

Abstract

Terrestrial to aquatic fluxes are reliant on hydrology which in turn is
controlled by climate, morphology and land cover features of the boreal landscape.
Climate change impacts the hydrology of boreal landscapes through changes in
snow accumulation and melting which impact stream discharge and solute
transport to aquatic environments. In this chapter, I investigated seasonal and
interannual variations of stream water and DOC fluxes for an experimental
watershed in western Newfoundland, Canada. Two stream sites were gauged to
understand impacts of the shifts in precipitation from snow towards rain with the
earlier melt of snowpack on water and DOC fluxes and to quantify the
contributions of two different watershed components to water and DOC export.
Three contrasting winters, one characterized by a more continuous snowpack
(year 1), the other two by a mild and a major mid-winter melt events (years 2 and
3, respectively), exhibited annual water exports of 1.5×107 m3, 1.2×107 m3 and
9.5×106 m3, respectively, suggesting reduced export associated with mid-winter
melting of the snowpack. Consistent with this trend the annual runoff ratios for
years 1, 2, and 3 were 0.71, 0.67, 0.46, respectively. The hillslope region,
representing roughly half of the catchment area contributed over 80% of the total
catchment water and DOC, whereas the upper low gradient pond and wetland
dominated portion exhibited much lower yields of water and DOC. The short
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snowmelt period contributed most of the annual water (50%) and annual DOC
(>65%) export from the whole catchment. Differences in annual and season
discharge and runoff ratios in two landscape components indicated that the
hillslope portion is more responsive to the reduction in the snow fraction and
increased mid-winter melt events whereas these changes had no impact on
discharge or runoff ratios for the upper low gradient portion of the catchment.
This indicates that reductions in the spring snowmelt events with climate
warming have the potential to increase the proportion of discharge and solute
sources from low gradient portions of these boreal landscapes. Therefore, results
from this work suggest that reduction in hillslope lateral flow water inputs
associated with a reduced spring snowmelt event may be associated with (1)
reductions in overall stream water discharge, and (2) increases in low gradient
pond or wetland contributions to the aquatic environment in these boreal
landscapes.
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3. 1 Introduction
The timing, distribution and form of precipitation are susceptible to
climate change and can greatly influence the timing and magnitude of streamflow,
runoff and the delivery of solutes from terrestrial to aquatic environments. Such
changes can have important implications for aquatic ecosystems and
biogeochemical feedbacks. For example, current estimates of terrestrial to aquatic
fluxes of carbon indicate this flux (>2 Pg C globally) equals or exceeds the net
exchange of CO2 between atmosphere and land or sea (Drake et al., 2016; Cole et
al., 2007; Tranvik et al., 2009; Raymond et al., 2016). These global estimates are
derived indirectly from the sum of evasion and burial of carbon in freshwaters and
large river transport of carbon to the sea making it difficult to directly assess how
these fluxes are controlled. More direct measurements of terrestrial to aquatic
fluxes are possible through measurements within small headwater stream where
the close connection between the landscape and aquatic environment exist.
Therefore, the knowledge of headwater stream water fluxes can greatly enhance
our understanding of controls of carbon flux as well as other impacts on the
aquatic environment such as nutrient delivery.

The boreal landscape contains globally significant stores of terrestrial
carbon (Raymond and Saiers, 2010; Vucetich et al., 2000) and contain extensive
hydrologic networks that control the terrestrial to aquatic exchange of carbon and
other elements. These high latitude landscapes are also quite vulnerable to climate
change and have, therefore, been the subject of the study of terrestrial and aquatic

97

stores and fluxes of carbon and nutrients (Vucetich et al., 2000; Algesten et al.,
2003; Tranvik et al., 2009; Norris et al., 2011; Laruelle et al., 2014; Lepistö et al.,
2014; Tranvik et al., 2014). Some such studies have revealed increasing trends in
dissolved or total organic carbon (DOC or TOC, respectively) concentration and
export in some higher latitude streams and rivers in regions of North America and
Europe over the past few decades (Driscoll et al., 2003; Skjelkvåle et al., 2005;
Evans et al., 2006; Roulet, 2006). Drivers of these trends remain elusive, however,
in most cases there are links to environmental and climate change impacts on
watershed components and hydrology. Some studies have linked trends in DOC
export to trends in air temperature (Freeman et al. 2001); occurrence of severe
droughts (Worrall et al., 2004), recovery from acid deposition (Freeman et al.,
2004), and land management trends (Worrall et al. 2003).

Some of the

mechanisms suggested by these trends include changes in availability of organic
matter sources, such as increased productivity or soil decomposition enhanced by
warming (Freeman et al., 2004; Fenner et al., 2007), while many others are likely
consequences of changing discharge amounts, timing and flow paths (Tranvik and
Jansson, 2002; Hejzlar et al. 2003). For example, in regions underlain by
permafrost, warming trends coincide with reduced DOC export attributed to
increased infiltration of DOC rich surface waters into mineral rich soil layers
where adsorption immobilizes DOC (Striegl et al., 2005). In contrast, increasing
DOC concentrations or export could be associated with increased discharge in
watersheds of mixed wetland and forest composition as a consequence of (1)
increased connectivity between saturated areas or wetlands and catchment areas
contributing to flow (Boyer et al. 1997; Stieglitz et al. 2003; Creed et al. 2003), and

98

(2) preferential flow through organic rich surface soils with macropore flow
bypassing mineral soil adsorption processes (Hornberger et al. 1994; McGlynn
and McDonnell, 2003). Therefore, changes in magnitude, form and timing of
precipitation associated with climate change can create shifts in streamflow
magnitude and timing which can impact terrestrial to aquatic solute transport.

Decreasing snow as a proportion of total precipitation identified over the
past few decades as a result of climate change (Buttle et al., 2005; Devito et al.,
2005), likely impacts catchment hydrology and hydrologic processes relevant to
boreal stream transport (Glenn and Woo, 1997; Taylor and Pierson, 1985).
Reduction in snow deposition and, therefore, melt may in fact reduce late spring
and summer stream flows in catchments with snow dominated hydrology, hence
the snow resources are melting early as a consequence of climate change
(Groisman et al., 2004; Barnett et al., 2005). With earlier melt of snow reducing
the magnitude and changing the timing of spring melt discharge (Barnett et al.,
2005; Schelker et al., 2013; Irannezhad et al., 2017). The increased winter runoff
reduced stored snow, earlier and reduced spring snowmelt runoff, coincide with
reduced summer streamflow volumes observed in mountainous western North
American streams (Mote, 2003; Hamlet et al., 2005). In fact, a continental scale
analysis indicates that reductions in the proportion of precipitation as snow with
climate change are associated with reduced streamflow (Berghuijs et al. 2014).

The response of boreal streams to changing precipitation regime will
depend upon key elements that make up the boreal landscape (i.e. wetlands and
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upland forests; Köhler et al., 2008). Boreal landscapes show a wide range of
landscape heterogeneity leading to increased complexity in watershed hydrology
(Mcdonnell et al., 2007). Headwater streams in recently deglaciated landscapes
usually drain from ponds or lakes, and wetland before traversing through gradient
hillslopes (Devito et al., 2005; Schelker et al., 2013). Infiltration processes and
runoff pathways are different in low relief catchments with wetland and pond
regions compared to regions with steep hillslopes connected directly to stream
channels (Dunne, 1978; McDonnell et al., 2007). Lakes and ponds can facilitate
evaporation loss of water to the atmosphere but largely act as storage increasing
the residence times within the catchment (Tranvik et al., 2009) particularly in
more humid boreal regions.

Catchment topography, soil characteristics, and vegetation influence
hydrological flow paths (Sivapalan et al., 1987; Mcdonnell et al., 2007). Landscape
features like forests can influence the magnitude, timing, and response of streams
to precipitation. For example, forests can impose a seasonal influence on stream
hydrology through evapotranspiration during summer and reduction in
snowpack, via canopy interception, over winter which can reduce spring melt
runoff. Furthermore, forest harvesting may change both evapotranspiration
demand runoff generation processes (Devito et al., 2005; Creed et al., 2013) and
those landscape practices may potentially increase groundwater tables after
harvesting (Schelker et al., 2012) which could lead to increases in stream baseflow
discharge (Sørensen et al., 2009; Hornbeck et al., 2011).
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Different landscape positions react to hydrology differently as hillslopes
are more hydrologically connected to streams whereas the low relief wetlands can
be more hydrologically isolated. Hillslopes often contain well drained soils and
during high wetness periods, hillslope soils can be highly transmissive and can
provide significant quantities of water to near stream sites (McGlynn and
McDonnell, 2003; Peters et al., 1995). This is probably why in wet years the TOC
export from forested catchment areas responds more readily to precipitation
events in snow-free periods whereas wetlands or mire catchments exhibit no real
seasonal response (Kohler et al. 2008). Areas with higher gradients promote
lateral flow depending upon soil type where low permeable soils create low
infiltration and can promote lateral flow through upper more permeable layers
(Jencso et al., 2009). Macropore flow within the subsurface of forested soils plays
an important role in developing preferential flow paths in the delivery of water
and solutes (Tsuboyama et al., 1994; Tsukamoto and Ohta, 1988). Upland
hillslopes of boreal landscapes contain materials ranging from moss and organic
soil layers to rocky mineral soils and fractured bedrock. In general, hydraulic
conductivity decreases with depth; these hydraulic conductivity contrasts may be
more extreme in regions with thick moss and organic horizons. Contrasts in
hydraulic conductivity between soil layers on combined with steep gradients
likely promote shallow lateral flow which will influence both water fluxes and
solute concentrations and composition (Mcglynn et al., 2004).

Though contrasts in responses of low relief regions, including wetlands in
stream riparian regions, and upland forest regions to snowmelt or rain events are
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likely important to solute transport in boreal regions they remain poorly
understood. Steep hillslopes, particularly those with soil macropores, can convey
water downslope through the shallow subsurface (Tsuboyama et al., 1994;
Mcdonnell et al., 2007), however, the degree to which they connect and contribute
to streamflow depends greatly upon the water balance and storage capacity
aspects regulated by region climate, geology and topography. Likewise, boreal
ponds and wetlands located in upper, poorly developed watersheds can be
hydrologically disconnected from stream channels, except during extreme events
(Jencso et al., 2009; Creed et al., 2018). Wetlands and ponds act as water storage
components which makes these regions response differently to rain events or
early snowmelt as a result of changing climate (Devito et al., 2005). What is
unclear is to what extent saturated overland flow dominants hydrologic pathways
in these low relief boreal features relative to steeper forested hillslopes
particularly during snowmelt periods.

The contrasting role that boreal wetland and forest regions can have on
catchment biogeochemical fluxes, and in response to hydrologic events,
underscores the need to better understand intra and inter-annual variation in
boreal stream hydrology associated with these elements. For example, alterations
of timing and the form of the winter precipitation patterns linked to climate
change, for example, appear to be a potentially significant feature controlling
increased river DOC fluxes in a high latitude watershed (Huntington et al., 2016).
A better understanding of the hydrologic responses of boreal headwater streams
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and their solute fluxes to variation in precipitation regime could aid in our
understanding of the potential drivers behind such trends.

This study focusses on a small forested watershed in a mesic forested
region of the NW Atlantic where snow is a significant portion of the annual
precipitation. Previous research in this watershed indicates that water can move
rapidly through surface organic layers and carry significant DOC fluxes within
forested landscapes (Bowering et al., 2019). Pynn’s Brook Experimental
Watershed is located in the mesic NW Atlantic boreal region of Canada where both
soil DOC fluxes and runoff are relatively high. The watershed is characterized by
low gradient areas near streams in the upper watershed and steep hillslopes near
streams in the lower watershed that are dominated by black spruce forests
(Moroni et al., 2010). These differences in watershed morphology provide a wide
range of environmental conditions to investigate the spatial and temporal
variations of water and solute fluxes in boreal headwater streams.

In this study, I examine water flux variations at two locations in a small
boreal forest stream over 3 years with contrasting in winter precipitation regimes.
Stream gauges are located to separate the upper low-gradient pond and wetlanddominated upper catchment area from the lower catchment that contains mainly
steep hillslope regions near an incised stream with no noticeable floodplain. I
assessed how seasons and precipitation regimes impacted water flux
contributions from these morphologically distinct components of the catchment.
The main objectives of this chapter were to; (1) Quantify the annual, interannual
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and inter site water flux variability among the three years of different winter
precipitation; (2) Assess the differences in water fluxes and runoff ratios
associated with the low gradient upper catchment and the and steeper lower
catchment regions; and (3) Use relationships between stream discharge and DOC
concentrations to estimate the stream dissolved organic fluxes (DOC) to assess the
potential influence of water the flux variations studied on biogeochemical
processes occurring in the experimental watershed.
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3.2. Methods

3.2.1 Study area
The study was conducted in the Horseshoe Brook located within the Pynn’s
Brook experimental watershed (PBEWA) on the west coast of the island of
Newfoundland, in eastern Canada (having coordinates of 48° 53’ 14” N, 63° 24' 24"
W). The Horseshoe Brook is a headwater stream with a total catchment area of
approximately 11.37 km2. The climate in this area is characterized by winters with
consistent snow coverage for approximately four to five months of the year
beginning from December to April. The annual average precipitation is 1095 mm
that shows year to year variation, and the average annual daily mean temperature
is 4 0C (Environment Canada Climate Normals, Deer Lake Airport 1981-2010). The
Horseshoe Brook is a second order stream draining an upper catchment area (3.84
km2) of small headwater lakes and wetlands and a similarly sized (7.52 km2) with
steep hillslopes (Fig.9). Non-wetland regions are largely forested by black spruce
(Picea maiana) and balsam fir (Abies balsamea) forests varying from mature (>80
years of age) to harvested within the last 10-15 years.

The upper catchment is characterized by a relatively low relief area having
four ponds of varying sizes. The lower region hereafter referred to as Hillslope
which is characterized by steep hillslopes which were investigated separately
from the upper catchment area by subtracting the UHS fluxes and runoff from
those determined for LHS.
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Figure 9. A map of the catchment area for the Horseshoe Brook located near Deer
Lake, western Newfoundland and Labrador, Canada. The two study stream sites,
Lower Horseshoe (LHS) and Upper Horseshoe (UHS), are indicated by red circles
and approximate catchment area delineated for each site shown in black.
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3.2.3. Stream site data collection

Dataset
Continuous stream water level, conductivity and temperature data were
collected at the LHS over three separate years between October 2014 to October
2018 using in situ pressure transducer (Onset U20 water level logger; MA, USA)
and conductivity dataloggers (Onset U24 conductivity logger; MA, USA). The same
equipment was installed, and data were collected at the UHS except these did not
commence until October 2016. Continuous water level was recorded at 30 min
time interval (continuous water levels were captured for 15 min time intervals for
May 2017 to Oct 2017 time period) and conductivity data was captured for every
30 min time intervals except for October 2014 to October 2015 (conductivity data
were recorded for every 15 min intervals). Downloaded data from the probes
were atmospheric pressure corrected using the atmospheric pressure data
downloaded from atmospheric pressure loggers located at each stream site using
another pressure transducer (Onset RX3000 data logger, MA, USA). However,
there were no atmospheric probes were installed at the sites in 2014, therefore,
the source for atmospheric correction for 2014 was the downloaded atmospheric
pressure data from Environmental Canada at the Deer Lake station (station
number - 02YL007) (49°13'00" N, 57°24'00" W) located approximately 20 km
away. The existing barometric data, collected at the LHS (from 2016 October to
2018 October), were found to be well correlated with the Deer Lake Station
barometric pressure data (r2= 0.882, p<0.0001).
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Water samples were collected for DOC at each field site from 29th March
2017 to 8th of May 2018 on a seasonal basis. In total, 15 and 7 samples for DOC
measurements were collected from the LHS and UHS stream sites, respectively.
Samples were filtered using 0.45μm PES filters and the filtrate (15 mL) was stored
in 24 mL percombusted glass vials with clean Teflon lined caps. These samples
were acidified to a pH of 2 using 150 μL of 20% v/v HPLC grade H3PO4 and stored,
dark and at 4˚C until the analysis was done. Analysis for DOC was conducted using
Shimadzu TOC-V analyzer. To obtain a rough estimate of stream DOC
concentration over the course of the study period, a multiple regression
relationship was established between the measured DOC concentrations and the
continuous datasets of water level, temperature, and conductivity monitored in
each site. The variance of the estimates was evaluated from the R-square value
obtained for the model.

3.2.4. Methods used to estimate water fluxes from continuous gauge height data
Several methods were discussed in chapter one to extend the field
discharge measurements beyond the base flow levels and generate a useful rating
curve for these rocky headwater stream sites. Velocity for high flows was
estimated using bed roughness (grain size) and water surface gradient to obtain
resistance coefficients (Ferguson, 2016). These velocity estimates were combined
with the channel area measurements to obtain discharge-gauge height
relationships (known as a rating curve for both stream gauge locations. These
rating curve relationships were used with the continuous water level data
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downloaded from the probes installed at the field sites to estimate water
discharge for the period of this study.

The following equations were used to evaluate flow resistance and velocity
in order to determine the rating curves to extend the field measurements.
Hydraulic radius and grain size data or intermediate diameter of streambed
particle distribution that equals or exceeds that of 84 percent of the particles (D84
values) were used to compute the velocities and the discharge values. The flow
resistance was related to relative roughness (d/D84) and calculated by dividing the
average depth (d) by D84 for boulder bed streams as described in Ferguson (2007).
Shear stress was calculated using the following equation:
𝑢∗ = 𝑔0.5 ⋅ 𝑅 0⋅5 ⋅ 𝑆 0⋅5

Eq. (10)

Where u* is shear stress, g is gravitational acceleration, R is hydraulic radius (cross
section/wetted perimeter), and S is the stream gradient. Hydraulic radius was
determined by cross sectional area divided by wetted perimeter for each gauge
height and shear stress was calculated by multiplying the square root of g, R, and
S (Eq. 10). Velocities were then determined using the following equation from the
calculated u* values from Eq. (10).
𝑢
𝑢∗

=2⋅(

𝑑

𝐷84

)

Eq. (11)

The resistance parameter, u/u* is estimated from relative roughness using
Ferguson’s equation (Eq. 10), which uses the depth, d to particle size, D84 ratio.
D84 is the particle with an intermediate diameter that equals or exceeds that of 84
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percent of the particles. Values of u/u* for each water level was determined using
Eq. (10) and each u/u* value was multiplied by their associated u* value to
determine u. The value of u was then multiplied by the channel cross section to
estimate discharge estimates. Using the discharge calculations described above I
generated a representative rating curve for the full range of gauge heights. Then a
stage-discharge relationship was generated to calculate the continuous discharge
estimates using the continuous water level data.

Interannual, intra annual, and inter-site variations water fluxes were
calculated from the estimated continuous discharge values. Although I am unable
to determine the full uncertainty associated with the rating curves developed for
each stream site, I determined the variation observed in each of the factors used
and calculated the full range of known variation for the discharge estimates made.
Upper and lower bounds of discharge values were determined based on the
calculated range in rating curves for each site using that full range of variation in
the measured field values of D84 value, R, and slope (R equal to cross section
divided by wetted perimeter and I considered the cross section as it was measured
at the field sites). Full ranged variation in each of the factors that were used in
Ferguson discharge estimations was used to obtain the full range of discharge
values as predicted from this approach. These upper and lower values are all
included in the results in order to capture what variation I was able to assess in
these datasets.
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I determined the percentage variation of each of the three parameters
required in the Ferguson equation by considering the number of measurements,
measured at the field at different times. For example, the slope of the LHS stream
site was measured two times during 2017 and 2018. I used the most recent values
for my rating curve developments and the percentage variation of the most recent
values to the previous measurement was calculated to determine the % variation
of the slope. Following the same procedure, the percentage variation in the
measured D84, slope, and cross section measurements of the channel was
calculated as 10%, 13%, and 10%, respectively. For each parameter, I calculated
the highest and the lowest possible values using the above percentages. I
considered each possible combination (8 combinations in all) of the highest and
lowest values within the stage-discharge equation to calculate 8 sets of Ferguson
discharge values. Then, obtained the highest and lowest possible discharge values
to calculate the full range of discharge estimates (Fig. 10). After determining the
highest and the lowest values, I came up with three stage-discharge relationships,
one for the original relationship and the other two for the highest and the lowest
estimates. Finally, these relationships were used to calculate the highest and the
reduced discharge estimated on an annual and seasonal basis to determine the
upper and lower bounds of these estimates. The upper and lower estimate of DOC
were calculated by considering both the full range in rating curves, and thereby
discharge, and the multiple regression model predictability for DOC
concentration.
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Runoff ratios were determined using the total precipitation for the
catchment area. Tipping bucket rain gauge (RST Instruments Model TR-525) was
installed and used to monitor local rainfall at the sites. Data from the tipping
bucket was compared with the regional rainfall data reported by Environmental
and Climate Change Canada (Station 02YL007, Environmental Canada) at Deer
Lake A station (49°13'00" N, 57°24'00" W), located approximately 20 km from the
study catchment, and found to be well correlated (R2=0.882, p<0.0001). Regional
precipitation data obtained from the Deer Lake A station was used for the runoff
calculations. Estimated discharge values were converted to mm of runoff by
dividing the catchment area in order to directly compare those estimates with the
precipitation. Obtained discharge values were then divided by the precipitation
values to calculate the annual and seasonal runoff ratios. The total annual runoff
ratio values were compared with the regional runoff ratios for the Humber River,
a 5th order river with a catchment area of 7,860 km2 (Humber Village Station,
02YL001, Environment and Climate Change Canada 2010-2018). The study
catchment is located within the Humber River watershed and 45 km from the
Humber Village discharge station. Runoff ratios were also obtained for a nearby
3rd order stream, South Brook, as another reference to determine the validity of
the calculated runoff values from each approach assessed here. The South Brook
discharge station (02YL004, Environment Canada) is located approximately 30
km from the study catchment and captures the runoff from a steep catchment with
a total area of 58.5 km2.
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Figure 10. Rating curve extended using Ferguson’s resistance equation as
described in Chapter 2 and applied here to obtain stage-discharge relationship to
calculate discharge estimates for Lower Horseshoe Site (LHS; top) and Upper
Horseshoe Site (UHS; bottom) stream sites. The upper and lower estimates are
indicated in red color (x).
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3.2.5. Estimating DOC fluxes
Infrequent grab samples were not sufficient to develop relationships
between dissolved organic carbon (DOC) concentration and discharge. Such
relationship(s) are required to estimate stream DOC fluxes,

Therefore,

relationships between DOC concentration and conductivity were developed and
used along with continuous conductivity measurements to predict DOC
concentration was generated from the multiple regression analysis of with
continuous water level and the conductivity data as independent variables and
DOC concentration as a dependent variable. Two multiple regression equations
were developed, one for UHS and one for LHS with the available DOC
concentrations. The form of the equations is:

Y1 (DOC concentration) = a+ β1 * (water daily volume) + β2 * (daily conductivity)
Eq.
(12)
Table 10. Regression analysis results obtained for UHS and LHS sites
Stream site

β1

β2

C

R - square

UHS

5.3×10-4

1.3×10-1

8.8×10-1

0.6

LHS

3.5×10-6

-5.0×10-1

7.0×100

0.5

Acknowledging the poor predictive power indicated by the low R2 values
for these relationships (Table 10), the application of these relationships was used
only to obtain a broad estimate of DOC flux, without the precision needed to
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decipher seasonal or even annual differences. Furthermore, the upper and lower
estimates of the DOC fluxes were determined using these variations in the DOC
concentration estimates combined with the upper and lower estimates of the
water fluxes.

The annual hydrograph was divided into four seasonal designations that
are based on hydrological observation including the generally consistent timing of
evapotranspiration shutdown, snowpack development and spring snowmelt
among the three years studied. The same periods were selected for each season
within each study year to avoid significant changes for the beginning and ending
and length of each season for each year. The start of the fall in any given year was
based upon the evapotranspiration shut down defined as the date when the
largest increase in groundwater water level occurred in the absence of significant
rainfall (Table 11). The end of fall and the start of winter was designated as the
average date of the occurrence of the first snowfall that marked the beginning of
the formation of a continuous snowpack. Within each hydrological year the fall
period was split into an early fall and late fall period because each study year
started in fall in part to avoid splitting up the snowpack period into separate years.
However, both fall periods were summed up to calculate the water flux and runoff
for each fall period. The spring melt period represents the average period from
when the snowpack begins to decrease to when no snow was completely lost. The
summer period consists of some of the calendar year spring period and ends when
evapotranspiration ends (Table 11).
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A 30-day gap in the continuous water level dataset for LHS occurred during
the spring melt to early summer period (May 8 to June 9, 2015). Therefore, a
double mass curve was developed and used to estimate discharge for this period.
Discharge data downloaded from the South Brook station, located approximately
30 km away from the catchment was used with existing LHS data from this study
in order to build a double mass relationship (Station number - 02YL004,
Environment Canada). Year 2 was selected to obtain the relationship where there
was a complete continuous data record for the entire year, and because 2018 data
are not yet available for South Brook. Cumulative discharge from LHS was plotted
against the cumulative discharge of South Brook discharge (Fig. 11). The resultant
relationship (R2=0.99; Fig. 11) was then applied to year 1 to fill the missing data
gap in order to have a complete spring melt period for year 1. I noted that the
period that I extrapolated was the shaded area in Fig. 11.
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Figure 11. The double mass curve using 2017 data of cumulative discharge for the
South Brook station (Station number -02YL004, Environment and Climate Change
Canada) and the Upper Horseshoe (UHS) Site from this study. The shaded area
depicts the dates of the year when this relationship (shown in red) was applied to
predict LHS discharge for the missing spring melt data in 2014.

117

Table 11. Annual and seasonal precipitation in mm for three different years of this study (Year 1 - 2014 October to 2015
October, Year 2 – 2016 October to 2017 October, and Year 3 – 2017 October to 2018 October).

Season

Time period

Year 1
(Continuous
snowpack)

Year 2
(Small mid-winter
melts)

Year 3
Large mid-winter melts

Late fall
Winter
Spring Melt
Summer
Early fall
Total
% snow
Number of snow
melting events

Oct 6 - Dec 10
Dec 11 - April 6
April 7 – May 29
May 30 – September 9
September 9- October 5

311
544
119
321
286
1581
42
Spring melt only

318
463.9
145.8
238
120
1286
34
4 mid-winter +
spring melt

192
562
185
279
286
1505
34
One major mid-winter+
spring melt
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3.3. Results

The total annual precipitation in each of the three study years (1581 mm,
1286 mm, and 1505 mm for year 1, year 2, and year 3, respectively) was higher
than the mean annual precipitation for the period 1981-2010 (1095 mm; source
– Average normal, Deer lake A station, Environmental Canada). The proportion of
the snow to the total precipitation was greatest in year 1 and represented 42%,
34%, and 34% of total annual precipitation for year 1, year 2, and year 3,
respectively (Table 11). The three winter periods represented the highest
proportion of the total annual precipitation (an average of ~35%) while the
lowest proportion was recorded during the short spring melt periods. However,
there was an increased proportion of precipitation as snow in year 3 during the
spring melt period indicating a shift in snowfall compared to the other two years
(Fig. 12).
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Figure 12. Annual precipitation in mm for each of the three study years (1, 2, and 3 values represent year 1 (October 2014 –
October 2015), year 2 (October 2016-October 2017), and year 3(October 2017-October 2018)). Total snow was presented in white
color and blue indicates the total rain (Source – Deer lake A (station number - 02YL007) Environmental Canada website). Total
snow was converted to mm of rainfall using a 10:1 maritime snow to water equivalent conversion factor (Sturm et al. 2010).
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Table 12. Annual and seasonal discharge (×106 m3) for the Lower Horseshoe Site
(LHS). The lower and upper bounds of the discharge estimates are presented
within brackets. Each season was defined considering the sequence of the seasons
occurred within each hydrological year.
Season

Late fall
Winter
Spring melt
Summer
Early fall
Total

Year 1

Year 2

Year 3

(m3)

(m3)

(m3)

3.3 (2.6-3.6)
3.7 (3.0-4.1)
3.8 (3.3-3.9)
2.4 (1.9-2.6)
1.8 (1.4-2.0)
15.0 (12.3-16.1)

2.1 (1.7-2.3)
3.5 (2.8-3.8)
4.1 (3.2-4.4)
1.2 (1.0-1.3)
0.7 (0.6-0.8)
11.6 (11.6-12.6)

1.3 (1.1-1.5)
3.7 (3.7-4.1)
1.9 (1.5-2.1)
1.1 (0.9-1.2)
1.4 (1.1-1.5)
9.5 (7.5-10.3)

Table 13. Annual and seasonal discharge (×106 m3) for the Upper Horseshoe Site
(UHS) and the hillslope portion of the Horseshoe Brook catchment determine from
the LHS discharge minus the UHS discharge. The lower and upper bounds of
discharge estimates are presented within brackets next to each estimate.
Season

Late fall
Winter
Spring melt
Summer
Early fall
Total

Year 2

Year 3

(m3)

(m3)

(m3)

(m3)

UHS

Hillslope

UHS

Hillslope

0.28 (0.26-0.34)
0.13 (0.12-0.16)
0.25 (0.23-0.31)
0.06 (0.06-0.08)
0.06 (0.06-0.08)
0.79 (0.72-0.97)

1.81 (1.40-1.93)
3.36 (3.05-3.65)
3.82 (3.00-4.13)
1.14 (0.90-1.24)
0.65 (0.51-0.70)
10.78 (8.46-11.65)

0.10 (0.09-0.12)
0.23 (0.20-0.27)
0.26 (0.24-0.32)
0.12 (0.11-0.15)
0.16 (0.14-0.19)
0.86 (0.78-1.05)

1.28 (0.98-1.34)
3.51 (2.75-3.79)
1.61(1.29-1.79)
0.99 (0.77-1.06)
1.21 (0.94-1.30)
8.61 (6.73-9.28)
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Table 14. Annual and seasonal runoff ratios for the Lower Horseshoe Site (LHS).
The lower and upper bounds of the runoff ratio estimates are presented within
brackets.
Season

Year 1

Year 2

Year 3

Late fall
Winter
Spring melt
Summer
Early fall
Total

0.78 (0.62-0.85)
0.51 (0.40-0.55)
2.35 (2.09-2.47)
0.55 (0.45 -0.60)
0.47 (0.37-0.51)
0.83 (0.69- 0.97)

0.49 (0.39-0.53)
0.56 (0.45-0.61)
2.09 (1.66-2.27)
0.38 (0.30-0.41)
0.44 (0.35-0.48)
0.79 (0.65-0.85)

0.52 (0.41-0.56)
0.47 (0.39-0.47)
0.76 (0.62-0.84)
0.30 (0.28-0.32)
0.36 (0.28-0.38)
0.55 (0.45-0.59)

Table 15. Seasonal runoff ratio for the Upper Horseshoe Site (UHS) and the
hillslope portion of the Horseshoe Brook catchment. The lower and upper bounds
of runoff ratios estimates are presented within brackets next to each estimate.
Season

Late fall
Winter
Spring melt
Summer
Early fall
Total

Year 2

Year 3

UHS

Hillslope

UHS

Hillslope

0.13 (0.12-0.16)
0.04 (0.04-0.05)
0.26 (0.24-0.32)
0.04 (0.04-0.05)
0.08 (0.07-0.10)
0.09 (0.08-0.11)

0.86 (0.66-0.92)
1.09 (0.86-1.18)
3.95 (3.10-4.27)
0.72 (0.57-0.78)
0.81 (0.63-0.87)
1.26 (0.99-1.36)

0.08 (0.07-0.09)
0.06 (0.05-0.07)
0.22 (0.19-0.26)
0.07 (0.06-0.08)
0.08 (0.07-0.10)
0.09 (0.08-0.11)

0.97(0.76-1.05)
0.94 (0.74-1.02)
1.35(1.05-1.45)
0.53 (0.42-0.57)
0.64 (0.50-0.68)
0.86 (0.67-0.93)

Snow as a proportion of the total precipitation was reduced from 42% in
Year 1 to 34% in years 2 and 3 (Fig. 12). The three years of gauge height and
discharge data between 2014 – 2018 represented three different hydrological
years based on the variation of the precipitation (Table 11). Year-1 was a
hydrological year with a consistent and continuous snowpack and large spring
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snowmelt without any real melting events during the winter. Year-2 and year-3
were distinct from year-1 as they included a couple of storms or melting events
during the winter period. In Year-2, 4 small melting events occurred throughout
the winter. In Year-3 a nearly total snowpack removal occurred as a result of an
increase in temperature and a large rain event that occurred in mid-winter
(January 10th - 30th).

Highest total annual discharge of 1.5×107 m3 (1.2–1.6 × 107 m3) was
observed in year 1 corresponding to the year with the highest annual
precipitation. Total annual discharge for year 2 and year 3 were 1.2×107 m3
(9.2×106 – 1.3 ×107 m3) and 9.5×106 m3 (7.5 ×106 -1.0×107 m3), respectively (Table
3.3; Fig. 14 A and C), despite the similarly in total precipitation between year 1 and
year 3 and lower precipitation in year 2. Runoff and the runoff ratios reflected a
similar decreasing trend from year 1 to year 3 where the total runoff ranged from
1118 mm to 708 mm from year 1 to year 3. Annual runoff ratios for year 1, year 2,
and year 3 were 0.83, 0.79, 0.55, respectively (Table 14). Discharge hydrographs
exhibited differences in the magnitude and number of discharge events associated
with snowmelt events among the three study years consistent with the
precipitation patterns. No significant mid-winter melt discharge events and only
one late fall discharge event were observed in year 1. In year 2 a small late fall,
larger early and two mid-winter discharge events occurred, and in year 3 two
large mid-winter discharge events occurred as a result of the complete snowpack
loss (Fig. 13). Winter and spring melt periods contributed over 50% of the total
discharge for each year. The largest proportion of total discharge observed in fall
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occurred in year 1 (35%) while the proportion of total discharge observed in fall
for years 2 and 3 was 24% and 28%, respectively. An increasing trend in the
proportion of the total discharge occurring in winter was observed from year 1 to
year 3 consistent with increases in the magnitude of winter snowmelt events. The
highest proportion (40%) of total discharge observed in winter was recorded in
year 3 when the largest mid-winter melt occurred, and the lowest value was
reported for year 1 (25%) when snowmelt was confined to small events in early
winter.

Despite the short spring snowmelt period, the discharge was generally
comparable among seasons within each study year with the exception of summer
which was typically lowest (Fig. 14 B and C). Fall and summer discharge was
greatest in year 1 while winter discharge was similar among years despite the
large variation in snowmelt event number and magnitude. It was the spring melt
discharge that appeared most impacted by the variation in mid-winter melt events
with year 3, when the most significant mid-winter melt occurred, having exhibited
the lowest spring melt discharge.

There were no significant differences in annual runoff ratios for year 1 and
year 2 while year 3 had the lowest annual runoff ratio (Fig. 14 C). The highest
seasonal runoff ratio was generated during the spring melt in year 2 (280 mm, 304
mm for year 1, and year 2, respectively), but was then found to be lowest in year
3 when it was only 144 mm. Expectantly, spring melt runoff ratios for the three
years were the greatest among all the seasons (Table 16; Fig. 14 D). However,
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there was a decrease in spring melt and summer runoff ratios from year 1 to year
3. For example, the spring melt runoff ratio, ranged from 2.35 to 0.76 for year 1
through 3 while the summer runoff ratio ranged from 0.55 to 0.30.

3.3.1 Variation in discharge and runoff ratio between the upper, low gradient
catchment and the lower, hillslope-dominated catchment.

The UHS gauge drains the upper catchment, an area of low gradient,
whereas the LHS gauge includes the upper catchment and adds the lower basin
steep hillslope segments to the catchment. The lower hillslope component is
quantified by evaluating the discharge differences between the two stream
gauges. These topographically different portions of the catchment were associated
with different annual and seasonal and runoff volumes and ratios.

Despite the similar catchment areas, the hillslope dominated part of the
catchment contributed over 10-fold more discharge as compared to the upper
lower relief area of the catchment. Considering the total catchment area, the
hillslope region contributed more than 80% of the total catchment discharge
(Table 13; Fig. 15). Annual water volumes of 1.1×107 m3 and 8.6×106 m3 were
observed for the hillslope region in year 2 and year 3, respectively, while discharge
values of 8.0 ×105 m3 and 9.0 ×105 m3 were observed for the UHS region for year 2
and year 3, respectively (Table 13; Fig. 15). Greatest annual runoff ratios were
found for the hillslope region and those values decreased from year 2 to year 3
which is consistent with the precipitation in each given year (Table 15; Fig. 15).
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The largest difference in water volumes and runoff ratio between the two
catchment components were observed in winter (Table 15; Fig. 15). The upper
low relief area exhibited increased discharge and runoff ratio in winter and
summer with the largest mid-winter snowmelt occurring in association with
higher annual precipitation in year 3. While these patterns were not observed in
the hillslope region where the large mid-winter melt lead to no change in winter
discharge and runoff ratio but a much-reduced spring melt discharge and runoff.
Furthermore, the years with greater precipitation coincided only with an increase
in fall runoff ratio for the hillslope portion of the catchment.
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Figure 13. Continuous water flux results for all the three study years (A – year 1,
B- year 2, C- year 3) obtained for the lower horseshoe (LHS).
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Figure 14. Total annual (A, B) and seasonal (B, D) lower horseshoe (LHS) water
volume and runoff ratios in three years. Error bars represent the lowest and
highest estimates from the actual value. (1, 2, and 3 values represent year 1
(October 2014 – October 2015, year 2 (October 2016 – October 2017), and year 3
(October 2017 – October 2018).
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Figure 15. The seasonal water volume and runoff ratios for the upper low relief
(left panels) and the lower hillslope dominated (right panels) catchment
component. Error bars represent lowest and highest estimates of each value (1, 2,
and 3 values represent year 1 (October 2014 – October 2015, year 2 (October
2016 – October 2017), and year 3 (October 2017 – October 2018).
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3.3.2. Estimated DOC fluxes among years and for the two contrasting catchment
areas
There was no significant difference (P < 0.05) in the estimated total DOC flux
among three years (Fig. 16) and the range in the estimates based upon what
uncertainty we could constrain was typically ~50% of the mean value. The
magnitude of the range in the DOC flux estimates likely result from the very low
resolution in sampling effort for DOC concentration and precludes any possibility
of detecting differences among years, seasons and perhaps even components of
this study catchment. DOC fluxes for the catchment were estimated to be 5.18 g C
m-2 (2.87- 8.70 g C m-2), 5.29 g C m-2 (2.48 -8.13 g C m-2), and 4.58 g C m-2 (2.167.02 g C m-2), for year 1, year 2, and year 3, respectively.

The largest differences in seasonal DOC fluxes among the three years
occurred in the late fall period: values ranged from at 1.38 g C m-2 (0.65 - 2.11 g
C m-2) in year 1 to 0.56 g C m-2 (0.27-0.86 g C m-2) in year 3. The winter and spring
melt DOC fluxes exhibited the highest seasonal fluxes, despite the relatively short
spring melt flux period, while the summer seasonal DOC flux was lowest
throughout the study. Fall DOC fluxes were, however, quite comparable with both
winter in spring. Greatest relative variation in seasonal DOC flux occurred in
summer with Y3 exhibiting the lowest. There was no detectable variation in DOC
fluxes for winter among the three years while the largest spring melt DOC flux was
reported for year 2 while the lowest was recorded in year 3, the year with the
largest mid-winter snow melt (Table 16).
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More than 80% of the total DOC was exported from the hillslope region to
the total DOC export which is congruent with the variation of discharge and
suggests a DOC flux largely controlled by the water flux term. Even though a
similar late fall DOC flux was estimated for year 2 and 3, there was a significant
increase in the fall DOC flux attributed to the hillslope compared to upper low
gradient region DOC flux as observed at the UHS in year 3 (Table 17). Winter DOC
fluxes were doubled from year 2 to year 3 for the low gradient area (UHS) when
there was no noticeable increase in the DOC flux from the hillslope portion of the
catchment during that same period. However, the hillslope region exhibited a
response to the large winter melt event in year 3 while there was no difference in
the spring melt DOC flux from the low gradient (UHS) portion of the catchment
between year 2 and 3.
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Figure 16. Lower horseshoe (LHS) annual dissolved organic carbon (DOC) fluxes
in the three study years ratios. Error bars represent lowest and highest estimates
of each value (1, 2, and 3 values represent year 1 (October 2014 – October 2015,
year 2 (October 2016 – October 2017), and year 3 (October 2017 – October
2018)).
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Figure 17. Seasonal Lower horseshoe (LHS) dissolved organic carbon fluxes in
three years ratios. Error bars represent lowest and highest ranges of error from
the actual value (1, 2, and 3 values represent year 1 (October 2014 – October 2015,
year 2 (October 2016 – October 2017), and year 3 (October 2017 – October
2018)).
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Figure 18. Upper and hillslope seasonal dissolved organic carbon (DOC) fluxes in
year 2 and year 3. Ratios. Error bars represent lowest and highest estimates of
each value (2, and 3 values represent year 1 (year 2 (October 2016 – October
2017), and year 3 (October 2017 – October 2018)). (A-Upper horseshoe DOC flux,
B – hillslope DOC flux).
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Table 16. Annual and seasonal dissolved organic carbon for the Lower Horseshoe
Site (LHS). Range of lower and upper bounds of the DOC estimates are presented
within brackets.
Season

Year 1
g C m-2

Year 2
g C m-2

Year 3
g C m-2

Late fall
Winter
Spring melt
Summer
Early fall
Total

1.38 (0.65-2.11)
1.69 (0.80-2.59)
1.57 (0.83-2.31)
0.92 (0.45-1.26)
0.28 (0.13-0.43)
5.84(2.87-8.70)

0.89 (0.42-1.35)
1.65 (0.78-2.54)
2.10 (0.97-3.23)
0.38 (0.18-0.59)
0.27 (0.13-0.42)
5.29 (2.48-8.13)

0.56 (0.27-0.86)
1.73 (0.81-2.65)
1.35 (0.64-2.06)
0.40 (0.19-0.61)
0.55 (0.26-0.84)
4.58 (2.16-7.02)

Table 17. Annual and seasonal dissolved organic carbon for the Upper Horseshoe
Site (UHS) and the hillslope portion of the Horseshoe Brook catchment determine
from the Lower Horseshoe Site DOC minus the UHS DOC. Range of lower and upper
bounds of DOC estimates are presented within brackets next to each estimate.
Season

Year 2
gC

Late fall
Winter
Spring melt
Summer
Early fall
Total

m-2

Year 3
gC

m-2

gC

m-2

g C m-2

UHS

Hillslope

UHS

Hillslope

0.42 (0.22-0.81)
0.10 (0.05-0.17)
0.32 (0.16-0.60)
0.05 (0.03-0.09)
0.06 (0.03-0.11)
0.95 (0.49-1.78)

0.47 (0.20-0.55)
1.55 (0.72-2.36)
1.78 (0.81-2.63)
0.33 (0.15-0.49)
0.21 (0.10-0.31)
4.34 (1.99-6.35)

0.08 (0.04-0.14)
0.22 (0.12-0.41)
0.45 (0.23-0.84)
0.07 (0.04-0.12)
0.15 (0.07-0.29)
0.96 (0.50-1.80)

0.48 (0.22-0.72)
1.50 (0.69-2.24)
0.90(0.41-1.22)
0.33 (0.15-0.49)
0.40 (0.41-1.27)
3.62 (1.66-5.22)

3.4. Discussion
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A process based understanding of variation and controls on headwater
discharge is critical to predicting climate change impacts on terrestrial to aquatic
water and thereby solute fluxes. This is particularly important in high latitude
landscapes as they are undergoing rapid changes relevant to hydrology including
a reduction in the proportion of snow as precipitation (Smithson, 2002; Devito et
al., 2005; Schelker et al., 2013). For example, changes in climate may reduce snow
as a proportion of precipitation which can lead to reductions in stream discharge
(Hamlet et al., 2005; Mote et al., 2005). This has implications for water resources
of downstream regions but also signifies the potential for changes in timing and
hydrological pathways which may impact solute concentration and chemistry
(Raymond et al., 2016). For example, trends of increasing DOC concentrations and
export in higher latitude rivers over the past few decades (Boyer et al., 2000;
Worrall et al., 2004; Raymond and Saiers, 2010) may be attributed to shifts in
precipitation patterns away from snow and toward more rain in late fall through
winter (Barnett et al., 2005; Huntington et al., 2016). This could be due to
increased availability of DOC and its mobilization in late fall and winter relative to
extraction limited conditions typical of the snowmelt period when snow is a
significant portion of total precipitation (Bowering et al., 2019; Haei et al., 2013).

In this study, I demonstrate support for the hypothesis that reduced annual
stream discharge is associated with a reduction in the fraction of precipitation as
snow (Berghuijs et al., 2014) and likely increased mid-winter melt events.
Furthermore, by separating the response of the hillslope and low relief portion of
this boreal forest catchment, I suggest that much of the stream discharge is
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derived from runoff from the steep hillslope portion of the watershed which likely
controls seasonal responses and interannual difference in overall discharge. The
upper watershed does not contribute as much discharge and suggests that timing
of lake ice formation and break-up along with the low gradient topography
contribute to the water storage in this part of the catchment. Contrasting results
were discussed in some studies that upland forested catchments such as wetland
catchments contribute more flow and DOC fluxes in high latitude watersheds
(Andersson and Nyberg, 2008; Devito et al., 2005; Winterdahl et al., 2014).
However, findings of this study suggest that hillslope-dominated catchments
might be susceptible to immediate impacts of climate change, while low gradient
regions may serve to buffer watersheds against such shifts associated. However,
over longer time scales wetland and pond drying or expansion might create even
larger impacts in response to climate change.

3.4.1. Intra annual and inter annual variation in discharge within a small boreal
forest stream
Snow cover and its variation is an important feature regulating the
hydrology of boreal streams. Therefore, climate change impacts on both the
magnitude and dynamics of the snowpack (Cayan et al., 2001; Stewart et al., 2005)
likely represent important factors regulating boreal stream discharge. Recent
climate change may alter the precipitation patterns including increases in the
proportion of rain during the winter season (Altdorff et al., 2017; Berghuijs et al.,
2014; Mote et al., 2005; Skjelkvåle et al., 2005; Solomon et al., 2007). Increased
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temperatures in winter and spring periods associated with changing climate
result in increased winter runoff, earlier spring melt runoff and reduced summer
streams flow (Devito et al., 2005; Raymond et al., 2016). The comparison of three
different years contrasting in snowpack dynamics suggests reduced snowfall as
proportion of precipitation or degradation of winter snowpack reduces annual
discharge. Expectantly, the large mid-winter melt observed in year 3 resulted in a
reduction in spring melt discharge and runoff. However, despite the fact that the
precipitation was greatest in year 3, there was a reduction in annual discharge and
runoff ratio relative to the other two study years where the snowpack was
relatively consistent or experienced only a few small melt events during the
winter.

Seasonal differences in the discharge observed here suggest that spring
melt represents an important discharge period with hydrologic dynamics that
facilitate stream flow. Soil saturation associated with extensive snowmelt can
activate surface and subsurface flow paths that may efficiently connect catchment
water sources to streams, thus defining many high flow events (Fiebig et al., 1990;
Jennings et al., 2010; Worrall et al., 2006). My results here further suggest that
these intense periods can also be important to streamflow generation on annual
time scales such that precipitation or temperature regimes that reduce snowfall
or snowpack contributing to the spring melt event can lead to a significant
reduction in annual stream discharge. Discharge is highest during the snowmelt
periods in many northern boreal catchments often with most of the solutes and
organic matter being transported during these high flow periods (Hinton et al.,
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1997; Schiff et al., 1997). Macropore flow may lead to a greater amount of
discharge during winter and spring melt periods (Noguchi et al., 2001, 1999).
When macropore hydrological flow paths are activated during the high flow
periods associated with these melts they can have a strong impact on solute
concentration and composition in forest streams as they promote subsurface flow
systems in forested soils (Tsuboyama et al., 1994; Tsukamoto and Ohta, 1988). For
example, highest solute concentrations can occur during such melt periods when
solutes are flushed from the upper soil horizons (Boyer et al., 1997; M. C. Eimers
et al., 2008; Tsuboyama et al., 1994). This is likely because this activation from
the snow water storage source occurs after a long period of drainage, a
consequence of the consistent snowpack in snow dominated winters. Many
studies indicate that most of the total organic carbon export occurs during spring
melt period when a greater proportion of the annual discharge and runoff occur
during that period (Köhler et al., 2008; Laudon et al., 2007; Rantakari et al., 2010).

Winter period melts, like observed in year 3, highlights a potential
consequence of recent climate change (Jones and Perkins, 2010; Schelker et al.,
2013; Varhola et al., 2010). These winter snowmelts affect stream response by
influencing the hydraulic flow paths associated with hillslopes in the same manner
as the spring melt (Sidle et al., 2000; Tsuboyama et al., 1994) but at different times
of the year that may be relevant to solute sources from those hillslopes. The
magnitude of these fluxes may change as a consequence of the timing of that
intense discharge as earlier mobilization in winter may mean more organic matter
available for extraction then what may be available in the following spring. The
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concentration and flux of soil DOC, as well as the chemical nature of the soil
dissolved organic matter, in forest hillslopes within the catchment studied here
suggest significant microbial processing under the snowpack over winter and
thereby reduction in soil DOC sources during the spring melt period (Bowering et
al., 2019). Collectively this work suggests that earlier winter snowmelt events and
reduction in the magnitude of spring snowmelt has the potential to increase DOC
export from forest hillslope streams.

Reduction in the development of the snowpack and the loss of the
snowpack before the usual snowmelt period can reduce the spring melt, and
perhaps alter solute transport, but may also reduce the overall annual discharge.
In boreal forested watersheds, snow acts as a storage component of water (Hamlet
et al., 2005; Mote et al., 2005; Worrall et al., 2004) which acts as a great source of
water during the following spring melt period. Rapid release of that storage due
to the melting events during the winter goes into recharging components and
macropore filling deposits of the landscape and likely less contributing to lateral
flow within the snowpack or surface organic layers in the landscape. Quick melting
of snowpack particularly in hillslope regions of the catchment also likely increases
direct runoff providing less time for infiltration. The reduced annual runoff ratio
in year 3, where the greatest mid-winter melt occurred may suggest that a
reduction in the spring melt caused by the complete snowpack loss that occurred
mid-winter that year can reduce annual discharge and runoff as observed in that
year relative to the other two in this study. Variation in annual runoff can also be
attributed to changes in water storage in response to precipitation amount. For
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example, in year 2 precipitation was reduced by about 20% relative to both year
1 and the following year 3. This could have reduced water storage in the
catchment and reduced the runoff in year 3, however, the year-to-year patterns in
seasonal runoff ratios suggest this is likely not the case in this humid boreal
landscape. The runoff ratio observed in the late fall, the first season observed in
year 3, was similar to that observed in year 2 which represented a late fall period
following a wetter year exhibiting the highest runoff ratios in summer and early
fall. Exploring the relationship between runoff ratio and seasonal distribution of
discharge, such as proportion of spring snowmelt discharge to the total annual
discharge, would help to determine if reduction in annual discharge can be
attributed to reductions in spring melt runoff in this mesic boreal forest landscape.

3.4.2. Variation in discharge and runoff ratios for two common and contrasting
elements of boreal forest catchments.
To improve our prediction of the impacts of climate change in terms of
boreal catchment water balance, it is important to understand how key landscape
components (1) contribute to water inputs, and (2) respond to changes in
precipitation form, distribution and quantity. Recently deglaciated landscapes of
boreal regions have resulted in poorly developed drainage networks where both
steep hillslope and low relief pond and wetland regions contribute to drainage
into headwater stream systems. The results of the study of both the upper low
gradient and lower steep hillslope elements of a boreal forest catchment indicate
the impacts of climate change induced snowpack changes will likely depend on the
proportion of these elements. This is likely due to the fact that topographical and
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morphological components have a strong influence on stream discharge and
runoff ratios (Mcglynn et al., 2004; Seibert and Mcglynn, 2007; Welsch et al.,
2001), and thus an interaction between these catchment elements and shifts in the
form and quantity of water can result in significant changes in stream discharge
responses.

Steep hillslopes in boreal regions with permeable shallow soils promote
rapid lateral runoff to adjacent streams, therefore, these elements can be more
responsive to changes in snowmelt reductions. In this study, the hillslope region
contributes more than 80% of the stream discharge of this small stream despite
making up about the same catchment area as the upper low gradient region of the
catchment. The dominance of the hillslope contributions to discharge is congruent
with the consistency observed in patterns of total discharge and that observed
solely for the hillslope region alone. During the spring melt period, the relatively
high wetness conditions promote a hydrological connection between the hillslope,
wetlands, riparian and stream interfaces (Devito et al., 1996; R C Sidle et al., 2000).
Pathways of subsurface flow in hillslope show a complex interaction with
antecedent wetness and macro-porosity (Tsuboyama et al., 1994). Macropore
flow generally occurs during the peak periods and the recession limbs of larger
storm event hydrographs (Sidle et al., 1995; Tsuboyama et al., 1994) that could
promote more hillslope discharge during the spring melt periods. Therefore, it
makes sense that the hillslope region is highly associated with runoff generation
during periods of melting. Reduction in the magnitude of that snowmelt also
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means the hillslope region is susceptible to large reductions in discharge and the
runoff ratio in the spring melt period as observed in this study.

In contrast with the very responsive hillslope region of this catchment, the
discharge and runoff ratios for the upper low gradient region remained quite
comparable throughout the study period and were unresponsive to the variation
in melting events among the three study years. This is somewhat surprising given
that direct snowmelt inputs have been found to contribute significantly to boreal
wetland, or mire, dominated headwater streams (Kohler et al. 2004; Petrone et al.
2007). Low relief portions such, however, as these can act as a storage of water in
these boreal landscapes particularly given the small lakes in this landscape (REF?).
Storage in the ponds and wetlands of these low relief areas contrast with the
storage in hillslopes which is dependent upon the snowpack as exemplified by
mountainous watersheds (Hamlet et al., 2005; Mote et al., 2005). In contrast to
mountainous streams, boreal stream responses to snowmelt shifts attributed to
climate change will differ because of the contributions of these low relief areas
which may dampen stream responses to mid-winter melting events and the loss
of snowpack. Therefore, the proportion of low relief and hillslope regions of the
landscape will be helpful to predict the responses of stream discharge in many
boreal catchments associated with the changes of snowpack and snowmelt
dynamics.
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3.4.3. Hypothesized implications of changing discharge dynamics on stream DOC
as an example of impacts on terrestrial-to-aquatic solute fluxes.
Differences in discharge and runoff ratios caused by shifts in snowpack and
snowmelt dynamics can have important implications for solute transport
including DOC. This is because of changes in the flow path and thereby source and
processing of solutes en route to the aquatic environment. Different landscape
portions studied here signify important differences in both hydrology and flow
paths as well as responsiveness to changes in snowpack and snowmelt dynamics.
These factors suggest the potential for changes in solute transport including DOC
as a consequence of these changes in the snowpack.

Annual and seasonal patterns in discharge and its sources are important in
understanding the solute fluxes such as DOC. For example, annual patterns in total
organic carbon flux are typically attributed to variation in stream water discharge
rather than carbon concentration (Urban et al. 1989; Clair and Ehrman 1998;
Hope et al. 1994; Kohler et al. 2008). The DOC fluxes in this study varied within
the range of 2.16 – 8.80 g C m-2, and thereby within the range of other studies but
measurements used here were not frequent enough to determine variability in
DOC concentration and its association with precipitation and discharge (Köhler
et al., 2008; Mortsch and Quinn, 1996; Mulholland, 2003; Rantakari et al., 2010).
Reported DOC fluxes in each of the three years on a seasonal basis are congruent
with the variation of the discharge. DOC concentration could be increased due to
the reduced proportion of hillslope water which is coming into the system as a
result of reduced snowpack and snowmelt period – dilution effect often observed
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in other boreal streams (Kane et al., 2005; Lepistö et al., 2014). However, the
magnitude of the DOC flux specific to the low relief portion of the catchment
appeared to be greater relative to its discharge when compared with the entire
catchment or the hillslope region. This may suggest that the upper low relief area
contributes a larger portion of the DOC flux relative to the contribution of water
fluxes. These findings are consistent with observations of the positive correlation
between wetland contributions in catchments and DOC concentrations and fluxes
in rivers including within boreal landscapes (M. C. Eimers et al., 2008; Rantakari
et al., 2010; Striegl et al., 2005). In boreal landscapes, DOC concentrations and
DOC fluxes are associated with the proportion of wetlands and the major sources
of organic carbon substances in glaciated catchments are wetlands. Major sources
of organic carbon substances in glacial catchments come from wetland regions
(Hemond,1990) and DOC concentrations and DOC fluxes are also mainly
associated with the proportion of wetlands (Andersson and Nyberg, 2008;
Mulholland and Kuenzler, 1979; Urban et al., 1989). Reducing the inputs of water
from hillslope areas may increase the proportion of inputs from low relief area to
the watershed which contains more DOC coming from wetland regions. This
mechanism could represent a hypothesis for the observed increased DOC in some
high latitude streams over the past decades and in association with climate
change.

Additionally, the estimated DOC fluxes presented here suggest that they are
greatly reduced relative to DOC mobilized in the forest soils indicating high levels
of processing and absorption within the terrestrial to the aquatic interface.
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Bowering et al. (2019) indicated that the actual movement of DOC from the surface
moss and organic soil horizon of the catchment forests is 54 - 38 g C m-2 on an
annual basis which is more than 6 times higher in the magnitude of stream DOC
flux estimates made here (Bowering et al., 2019). However, these estimates lead
to the understanding that the mobilization which occurs in the soil is much larger
than that was observed in the streams especially in hillslope areas suggesting that
large processing of DOC occurs in forested regions. However, these estimates lead
to the understanding that the mobilization which occurs in the soil is much larger
than that was observed in the streams especially in hillslope areas suggesting that
large processing of DOC occurs in forested regions.

More accurate stream DOC fluxes can be obtained through continuous
measurements which coupled with the water fluxes as obtained here. These
approaches will allow us to test the hypothesis of increases in the proportion of
low relief catchment components to stream discharge as a result of reduced
snowpack and snowmelt potentially due to climate change can increase DOC
concentrations and potential export. Furthermore, quantifying more precise
stream DOC fluxes may allow us to better constrain the timing of terrestrial to
aquatic DOC fluxes and how they are linked to terrestrial fluxes. This will enable a
better accounting of C fluxes at a landscape scale and also contribute to an
understanding of where and when transformations of terrestrial organic matter
occur and how these fluxes are controlled.
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4.0 Summary
Boreal headwater streams are important in controlling water and solute
fluxes in high latitude watersheds and represent sites for the study of terrestrial
to aquatic fluxes. The fact that headwater streams are highly vulnerable to recent
climate change emphasizes the need for quantification of intra and interannual
discharge and solute fluxes to better assess their responses and thereby the
impact of climate change on important landscape-scale fluxes. However,
appropriate rating curves are often difficult to obtain for the remote and rocky
streams typical of boreal landscapes.

Accurate quantification of headwater stream discharge is key to
understanding the effects of snow dynamics, precipitation regime, and the
behaviour of landscape elements in catchment hydrology of boreal watersheds.
These are all aspects needed to better predict water and solute fluxes with climate
change. Results of chapter 2 showed that the methods that rely more on field data
such as channel cross section, channel gradient, grain size were quite successful
in predicting discharge for unmeasured gauge heights in high latitude streams
especially during the high flow conditions. Among the used methods, the Ferguson
resistance equation was the most successful in estimating discharge in the
headwater streams as verified by comparison with regional runoff values. Relative
roughness of the channel which is attributed to the grain size of the stream
channel appears to be a prominent factor for predicting stream discharge as
applied in the Ferguson resistance equation. Extending rating curves of high
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latitude streams for the full range of gauge heights using this approach helps in
the effort to obtain more accurate estimates of stream discharge thereby
improving our ability to capture water and solute fluxes in boreal landscapes.

There is a clear need for further research studies in identifying the factors
that affect the flow resistance of these high latitude boulder bed streams and
applying those factors in flow resistant equations will provide more accurate
estimates of stream discharge. Increasing the number of field discharge
measurements for each stream site will expand the range of data which could be
more useful to add more accuracy to discharge estimates. Furthermore, there
should be more steps taken to develop methods of assessing the uncertainty of
these rating curves. Several studies assessed the uncertainty around the stream
discharge estimates for larger river systems (Clark et al., 2015; Coz, 2012;
Domeneghetti et al., 2012), but it is quite important to expand those methods of
estimating the uncertainty of stream discharge for small streams. Increasing the
accuracy of the measurements at the field and the replicating the number of
measurements will reduce the variability of the predicted discharge. A better
estimation of the actual uncertainty of the water flux measurements based on
rating curve development allows for more interpretable stream discharge and
also it can be quite useful in future studies for an accurate understanding of annual
and seasonal variations of water fluxes, as well as the solute fluxes derived from
water fluxes, within these catchments.
Snowmelt represents an important period for stream discharge in boreal
landscapes (Schelker et al., 2013; Schelker et al., 2013; Huntington et al., 2016;
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McCabe et al., 2018). With changes in the timing, form and magnitude of winter
precipitation and consequential spring snowmelt dynamics as a consequence of
climate change (Barnett et al., 2005; Hamlet et al., 2005; Mote et al., 2005; Stewart
et al., 2005), we expect significant alterations in the headwater stream discharge
dynamics. For example, reductions in the stream discharge were experienced with
the significant reductions in the winter snowpack in many snow dominated
watersheds (Berghuijs et al., 2014). Decreased spring melt discharge in year 3
suggested that mid-winter melts reduced the following spring melt discharge and
likely annual discharge overall, therefore snowpack dynamics and the winter
precipitation regime act as key factors of controlling stream hydrology within
these watersheds.

The study of low relief (wetland and pond dominated area) and hillslope
components of this headwater catchment indicated that the majority of water
(80%) was attributed to the hillslope regions despite representing about 50% of
the total catchment area. Furthermore, the hillslope region was responsive to the
mid-winter melting events whereas no significant changes were observed in
water fluxes for the low relief area as a consequence of the different snowpack
dynamics captured in this study. The reduction in overall hillslope discharge as a
consequence of mid-winter snowpack loss and decreased snowmelt discharge
suggests that climate change will likely enhance the proportion of waters draining
low relief wetland areas relative to hillslope regions. If realized across boreal
forest streams, this indicates great potential for shifts in solute composition,
concentration and perhaps even flux with climate change. For example, this
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finding provides evidence for a potential mechanism for climate change driven
increases in DOC concentration. River and stream DOC concentration and flux are
typically associated with wetland coverage in the catchments of boreal and other
landscapes (Huntington et al., 2016; Rantakari et al., 2010; Worrall et al., 2004). If
hillslope contributions to streamflow are reduced, as suggested here, with
reductions in snowpack and snowmelt events, increased proportion of low relief
contributions to flow will bring with it increases in DOC concentration.

Given the high level of uncertainty on DOC estimates, obtaining more
accurate DOC fluxes have become more challenging especially for remote
headwater streams. However, more continuous measurements of stream DOC
concentrations (e.g. in situ optical instrumentation), including four seasons
particularly for different hydrological events, would be more helpful in addressing
these challenges. Obtaining DOC estimates for contrasting years of precipitation
would also be important to explore the mechanisms of controlling stream DOC
with respect to changing the climate. Furthermore, the knowledge of these
mechanisms will enhance our understanding of controls on the terrestrial to
aquatic export of DOC in these snow dominated forested watersheds. Overall,
estimates of stream DOC fluxes for this catchment suggested that these changes in
precipitation regime and proportion of catchment components may affect both the
composition and fate of DOC in the aquatic environments.

171

5.0 Reference
Algesten, G., Sobek, S., Bergstrom, A.-K., Agren, A., Tranvik, L.J., Jansson, M., 2003.
Role of lakes for organic carbon cycling in the boreal zone - Algesten - 2003
- Global Change Biology - Wiley Online Library. Glob. Chang. Biol. 10, 141–
147. https://doi.org/10.1046/j.1529-8817.2003.00721.x
Altdorff, D., Galagedara, L., Unc, A., 2017. Impact of projected land conversion on
water balance of boreal soils in western Newfoundland. J. Water Clim.
Chang. 8, 613–626. https://doi.org/10.2166/wcc.2017.016
Andersson, J.-O., Nyberg, L., 2008. Spatial variation of wetlands and flux of
dissolved organic carbon in boreal headwater streams. Hydrol. Process. 22,
1965–1975. https://doi.org/10.1002/hyp.6779
Berghuijs, W.R., Woods, R.A., Hrachowitz, M., 2014. A precipitation shift from snow
towards rain leads to a decrease in streamflow. Nat. Clim. Chang. 4, 583–
586. https://doi.org/10.1038/nclimate2246
Bowering, K., Edwards, K.A., Zhu, X., Ziegler, S.E., 2019. Dissolved organic carbon
mobilized from organic horizons of mature and harvested black spruce
plots in a mesic boreal region. Biogeosciences Discuss. 1–24.
https://doi.org/10.5194/bg-2018-516
Boyer, E.W., Hornberger, G.M., Bencala, K.E., McKnight, D.M., 2000. Effects of
asynchronous snowmelt on flushing of dissolved organic carbon: a mixing
model

approach.

Hydrol.

Process.

14,

3291–3308.

172

https://doi.org/10.1002/1099-1085(20001230)14:18<3291::AIDHYP202>3.0.CO;2-2
Boyer, E.W., Hornberger, G.M., Bencala, K.E., McKnight, D.M., 1997. Response
characteristics of DOC flushing in an alpine catchment. Hydrol. Process. 11,
1635–1647.

https://doi.org/10.1002/(SICI)1099-

1085(19971015)11:12<1635::AID-HYP494>3.0.CO;2-H
Braca, G., 2008. Stage – Discharge Relationships in Open Channels : Practices and
Problems. Environ. Prot. 24. https://doi.org/10.1063/1.4865197
Buttle, J.M., Creed, I.F., Moore, R.D., 2005. Advances in Canadian forest hydrology,
1999-2003.

Hydrol.

Process.

19,

169–200.

https://doi.org/10.1002/hyp.5773
Carey, S.K., Woo, M.-K., 1999. Hydrology of two slopes in subarctic Yukon, Canada.
Hydrol. Process. 13, 2549–2562. https://doi.org/10.1002/(SICI)10991085(199911)13:16<2549::AID-HYP938>3.0.CO;2-H
Cayan, D.R., Dettinger, M.D., Kammerdiener, S.A., Caprio, J.M., Peterson, D.H.,
Cayan, D.R., Kammerdiener, S.A., Dettinger, M.D., Caprio, J.M., Peterson,
D.H., 2001. Changes in the Onset of Spring in the Western United States.
Bull. Am. Meteorol. Soc. 82, 399–415. https://doi.org/10.1175/15200477(2001)082<0399:CITOOS>2.3.CO;2
Clark, J.M., Chapman, P.J., Adamson, J.K., Lane, S.N., 2005. Influence of droughtinduced acidification on the mobility of dissolved organic carbon in peat

173

soils. Glob. Chang. Biol. 11, 791–809. https://doi.org/10.1111/j.13652486.2005.00937.x
Clark, M.P., Nijssen, B., Lundquist, J.D., Kavetski, D., Rupp, D.E., Woods, R.A., Freer,
J.E., Gutmann, E.D., Wood, A.W., Brekke, L.D., Arnold, J.R., Gochis, D.J.,
Rasmussen,

R.M.,

2015.

Water Resources Research 2498–2514.

https://doi.org/10.1002/2015WR017200.A
Cole, J.J., Prairie, Y.T., Caraco, N.F., McDowell, W.H., Tranvik, L.J., Striegl, R.G.,
Duarte, C.M., Kortelainen, P., Downing, J.A., Middelburg, J.J., Melack, J., 2007.
Plumbing the global carbon cycle: Integrating inland waters into the
terrestrial

carbon

budget.

Ecosystems

10,

171–184.

https://doi.org/10.1007/s10021-006-9013-8
Creed, I.F., Band, L.E., Foster, N.W., Morrison, I.K., Nicolson, J.A., Semkin, R.S.,
Jeffries, D.S., 1996. Regulation of Nitrate-N Release from Temperate
Forests: A Test of the N Flushing Hypothesis. Water Resour. Res. 32, 3337–
3354. https://doi.org/10.1029/96WR02399
Creed, I.F., Webster, K.L., Braun, G.L., Bourbonnière, R.A., Beall, F.D., 2013.
Topographically regulated traps of dissolved organic carbon create
hotspots of soil carbon dioxide efflux in forests. Biogeochemistry 112, 149–
164. https://doi.org/10.1007/s10533-012-9713-4
Déry, S.J., Wood, E.F., 2005. Decreasing river discharge in northern Canada.
Geophys. Res. Lett. 32, L10401. https://doi.org/10.1029/2005GL022845

174

Devito, K.J., Creed, I.F., Fraser, C.J.D., 2005. Controls on runoff from a partially
harvested aspen-forested headwater catchment, Boreal Plain, Canada.
Hydrol. Process. 19, 3–25. https://doi.org/10.1002/hyp.5776
Devito, K.J., Hill, A.R., Roulet, N., 1996. Groundwater-surface water interactions in
headwater forested wetlands of the Canadian Shield. J. Hydrol. 181, 127–
147. https://doi.org/10.1016/0022-1694(95)02912-5
Domeneghetti, A., Castellarin, A., Brath, A., 2012. Assessing rating-curve
uncertainty and its effects on hydraulic model calibration. Hydrol. Earth
Syst. Sci. 16, 1191–1202. https://doi.org/10.5194/hess-16-1191-2012
Dosskey, M., Bertsch, P., 1994. Forest sources and pathways of organic matter
transport to a blackwater stream: a hydrologic approach. Biogeochemistry
24, 1–19. https://doi.org/10.1007/BF00001304
Drake, T.W., Raymond, P.A., Spencer, R.G.M., n.d. SPECIAL ISSUE-CURRENT
EVIDENCE Terrestrial carbon inputs to inland waters: A current synthesis
of estimates and uncertainty. https://doi.org/10.1002/lol2.10055
Driscoll, C.T., WHITALL, D., ABER, J., BOYER, E., CASTRO, M., CRONAN, C.,
GOODALE, C.L., GROFFMAN, P., HOPKINSON, C., LAMBERT, K., LAWRENCE,
G., OLLINGER, S., 2003. Nitrogen Pollution in the Northeastern United
States: Sources, Effects, and Management Options. Bioscience 53, 357.
https://doi.org/10.1641/0006-3568(2003)053[0357:npitnu]2.0.co;2

175

Eimers, M., Watmough, S., Buttle, J., 2008. Examination of the potential
relationship between droughts, sulphate and dissolved organic carbon at a
wetland‐draining stream. Glob. Chang.
Evans, C.D.C., Monteith, D.T.D., Cooper, D.M.D., 2005. Long-term increases in
surface water dissolved organic carbon: Observations, possible causes and
environmental

impacts.

Environ.

Pollut.

137,

55–71.

https://doi.org/10.1016/J.ENVPOL.2004.12.031
Ferguson, R., 2007. Flow resistance equations for gravel- and boulder-bed
streams.

Water

Resour.

Res.

43,

1–12.

https://doi.org/10.1029/2006WR005422
Franchini, M., Lamberti, P., Di Giammarco, P., 1999. Rating curve estimation using
local stages, upstream discharge data and a simplified hydraulic model.
Hydrol. Earth Syst. Sci. 3, 541–548.
Freeman, C., Fenner, N., Ostle, N.J., Kang, H., Dowrick, D.J., Reynolds, B., Lock, M.A.,
Sleep, D., Hughes, S., Hudson, J., 2004. Export of dissolved organic carbon
from peatlands under elevated carbon dioxide levels. Nature 430, 195–198.
https://doi.org/10.1038/nature02707
Freeman, M.C., Pringle, C.M., Jackson, C.R., 2007. Hydrologic connectivity and the
contribution of stream headwaters to ecological integrity at regional scales.
J. Am. Water Resour. Assoc. 43, 5–14. https://doi.org/10.1111/j.17521688.2007.00002.x

176

Glenn, M.S., Woo, M., 1997. Spring and summer hydrology of a valley-bottom
wetland, Ellesmere Island, Northwest Territories, Canada. Wetlands 17,
321–329. https://doi.org/10.1007/BF03161420
Gomi, T., Sidle, R.C., Richardson, J., 2006. Understanding Processes and
Downstream Linkages of Headwater Systems. Bioscience 52, 905.
https://doi.org/10.1641/0006-3568(2002)052[0905:upadlo]2.0.co;2
Groisman, P.Y., Knight, R.W., Karl, T.R., Easterling, D.R., Sun, B., Lawrimore, J.H.,
Groisman, P.Y., Knight, R.W., Karl, T.R., Easterling, D.R., Sun, B., Lawrimore,
J.H., 2004. Contemporary Changes of the Hydrological Cycle over the
Contiguous United States: Trends Derived from In Situ Observations. J.
Hydrometeorol.

5,

64–85.

https://doi.org/10.1175/1525-

7541(2004)005<0064:CCOTHC>2.0.CO;2
Haei, M., Öquist, M.G., Kreyling, J., Ilstedt, U., Laudon, H., 2013. Winter climate
controls soil carbon dynamics during summer in boreal forests. Environ.
Res. Lett. 8, 024017. https://doi.org/10.1088/1748-9326/8/2/024017
Hagemann, U., Moroni, M.T., Makeschin, F., 2009. Deadwood abundance in
Labrador high-boreal black spruce forests. Can. J. For. Res. 39, 131–142.
https://doi.org/10.1139/X08-166
Hamlet, A.F., Mote, P.W., Clark, M.P., Lettenmaier, D.P., Hamlet, A.F., Mote, P.W.,
Clark, M.P., Lettenmaier, D.P., 2005. Effects of Temperature and
Precipitation Variability on Snowpack Trends in the Western United
States*. J. Clim. 18, 4545–4561. https://doi.org/10.1175/JCLI3538.1

177

Hansen, J., Sato, M., Ruedy, R., Lo, K., Lea, D.W., Medina-Elizade, M., 2006. Global
temperature

change. Proc.

Natl.

Acad. Sci.

103,

14288–14293.

https://doi.org/10.1073/pnas.0606291103
Hassol, S., Arctic Climate Impact Assessment., Arctic Monitoring and Assessment
Programme., Program for the Conservation of Arctic Flora and Fauna.,
International Arctic Science Committee., 2004. Impacts of a warming
Arctic : Arctic Climate Impact Assessment. Cambridge University Press.
Herschy, R., 1995. General purpose flow measurement equations for flumes and
thin

plate

weirs.

Flow

Meas.

Instrum.

6,

283–293.

https://doi.org/10.1016/0955-5986(95)00016-X
Herschy, R., 1993. The stage-discharge relation. Flow Meas. Instrum. 4, 11–15.
https://doi.org/10.1016/0955-5986(93)90005-4
Hinton, M.J., Schiff, S.L., English, M.C., 1997. The significance of storms for the
concentration and export of dissolved organic carbon from two
Precambrian

Shield

catchments.

Biogeochemistry

36,

67–88.

https://doi.org/10.1023/A:1005779711821
Hongve, Dag, Riise, G., Kristiansen, J.F., 2004. Increased colour and organic acid
concentrations in Norwegian forest lakes and drinking water ? a result of
increased precipitation? Aquat. Sci. - Res. Across Boundaries 66, 231–238.
https://doi.org/10.1007/s00027-004-0708-7

178

Hornbeck, J.W., Martin, C.W., Eagar, C., 2011. Summary of water yield experiments
at Hubbard Brook Experimental Forest, New Hampshire. Can. J. For. Res.
27, 2043–2052. https://doi.org/10.1139/x97-173
Huang, W., McDowell, W.H., Zou, X., Ruan, H., Wang, J., Li, L., 2013. Dissolved
organic carbon in headwater streams and riparian soil organic carbon
along an altitudinal gradient in the Wuyi Mountains, China. PLoS One 8.
https://doi.org/10.1371/journal.pone.0078973
Huntington, T.G., Balch, W.M., Aiken, G.R., Sheffield, J., Luo, L., Roesler, C.S., Camill,
P., 2016. Climate change and dissolved organic carbon export to the Gulf of
Maine.

J.

Geophys.

Res.

Biogeosciences

121,

2700–2716.

https://doi.org/10.1002/2015JG003314
Huntington, T.G., Hodgkins, G.A., Keim, B.D., Dudley, R.W., 2004. Changes in the
Proportion of Precipitation Occurring as Snow in New England (1949–
2000).

J.

Clim.

17,

2626–2636.

https://doi.org/10.1175/1520-

0442(2004)017<2626:CITPOP>2.0.CO;2
Irannezhad, M., Ronkanen, A.-K., Kiani, S., Chen, D., Kløve, B., 2017. Long-term
variability and trends in annual snowfall/total precipitation ratio in
Finland and the role of atmospheric circulation patterns. Cold Reg. Sci.
Technol.

143,

23–31.

https://doi.org/10.1016/J.COLDREGIONS.2017.08.008
Jencso, K.G., McGlynn, B.L., Gooseff, M.N., Wondzell, S.M., Bencala, K.E., Marshall,
L.A., 2009. Hydrologic connectivity between landscapes and streams:

179

Transferring reach- and plot-scale understanding to the catchment scale.
Water Resour. Res. 45, 1–16. https://doi.org/10.1029/2008WR007225
Jennings, E., Järvinen, M., Allott, N., Arvola, L., Moore, K., Naden, P., Aonghusa, C.N.,
Nõges, T., Weyhenmeyer, G.A., 2010. The Impact of Climate Change on
European Lakes 199–220. https://doi.org/10.1007/978-90-481-2945-4
Jones, J.A., Perkins, R.M., 2010. Extreme flood sensitivity to snow and forest
harvest, western Cascades, Oregon, United States. Water Resour. Res. 46.
https://doi.org/10.1029/2009WR008632
Kane, E.S., Valentine, D.W., Schuur, E.A., Dutta, K., 2005. Soil carbon stabilization
along climate and stand productivity gradients in black spruce forests of
interior

Alaska.

Can.

J.

For.

Res.

35,

2118–2129.

https://doi.org/10.1139/x05-093
King, K.W., Smiley, P.C., Fausey, N.R., 2010. Hydrology of channelized and natural
headwater streams / Hydrologie de cours d’eau recalibrés et naturels de
tête de bassin. https://doi.org/10.1623/hysj.54.5.929
King, K.W., Smiley, P.C., Fausey, N.R., 2009. Hydrology of channelized and natural
headwater

streams.

Hydrol.

Sci.

J.

54,

929–948.

https://doi.org/10.1623/hysj.54.5.929
Köhler, S.J., Buffam, I., Laudon, H., Bishop, K.H., 2008. Climate’s control of intraannual and interannual variability of total organic carbon concentration
and flux in two contrasting boreal landscape elements. J. Geophys. Res.
Biogeosciences 113. https://doi.org/10.1029/2007JG000629

180

Köhler, S.J.S., Buffam, I., Seibert, J., Bishop, K.H.K., Laudon, H., 2009. Dynamics of
stream water TOC concentrations in a boreal headwater catchment:
Controlling factors and implications for climate scenarios. J. Hydrol. 373,
44–56. https://doi.org/10.1016/J.JHYDROL.2009.04.012
Kumar, S., And, R., Rajagopalan, B., Clark, M., Pitlick, J., n.d. Seasonal Cycle Shifts in
Hydroclimatology over the Western United States.
Lang, M., Pobanz, K., Renard, B., Renouf, E., Sauquet, E., 2010. Extrapolation of
rating curves by hydraulic modelling, with application to flood frequency
analysis.

Hydrol.

Sci.

J.

55,

883–898.

https://doi.org/10.1080/02626667.2010.504186
Laruelle, G.G., Lauerwald, R., Pfeil, B., Regnier, P., 2014. Global Biogeochemical
Cycles.

Global

Biogeochem.

Cycles

1199–1214.

https://doi.org/10.1002/2014GB004832.Received
Laudon, Hjalmar, Seibert, J., Köhler, S., Bishop, K., 2004. Hydrological flow paths
during snowmelt: Congruence between hydrometric measurements and
oxygen

18

in

meltwater,

soil

water,

and

runoff

40,

3102.

https://doi.org/10.1029/2003WR002455
Laudon, H., Sjöblom, V., Buffam, I., Seibert, J., Mörth, M., 2007. The role of
catchment scale and landscape characteristics for runoff generation of
boreal

streams.

J.

Hydrol.

344,

198–209.

https://doi.org/10.1016/J.JHYDROL.2007.07.010

181

Lawrence, D.S., 2007. Analytical derivation of at-a-station hydraulic-geometry
relations.

J.

Hydrol.

334,

17–27.

https://doi.org/10.1016/j.jhydrol.2006.09.021
Le Coz, J., Renard, B., Bonnifait, L., Branger, F., Le Boursicaud, R., 2014. Combining
hydraulic knowledge and uncertain gaugings in the estimation of
hydrometric rating curves: A Bayesian approach. J. Hydrol. 509, 573–587.
https://doi.org/10.1016/j.jhydrol.2013.11.016
Leopold, L.B., Udall, S. 1, Pecora, W.T., 1968. Hydrology for-Urban Land PlanningA Guidebook on the Hydrologic Effects of Urban Land Use United States
Department of the Interior Geological Survey.
Lepistö, A., Futter, M.N., Kortelainen, P., 2014. Almost 50 years of monitoring
shows that climate, not forestry, controls long-term organic carbon fluxes
in a large boreal watershed. Glob. Chang. Biol. 20, 1225–1237.
https://doi.org/10.1111/gcb.12491
Lindner, G. a, Miller, A.J., 2012. Numerical Modeling of Stage-Discharge
Relationships in Urban Streams. J. Hydrol. Eng. 17, 590–596.
https://doi.org/10.1061/(ASCE)HE.1943-5584.0000459.
McCabe, G.J., Wolock, D.M., Valentin, M., McCabe, G.J., Wolock, D.M., Valentin, M.,
2018b. Warming is Driving Decreases in Snow Fractions While Runoff
Efficiency Remains Mostly Unchanged in Snow-Covered Areas of the
Western

United

States.

J.

Hydrometeorol.

19,

803–814.

https://doi.org/10.1175/JHM-D-17-0227.1

182

Mcdonnell, J J, Sivapalan, M., Vache, K., Dunn, S., Grant, G., Haggerty, R., 2007.
Moving beyond heterogeneity and process complexity : A new vision for
watershed hydrology 43, 1–6. https://doi.org/10.1029/2006WR005467
McGlynn, B.L., McDonnel, J.J., Brammer, D.D., 2002. A review of the evolving
perceptual model of hillslope flowpaths at the Maimai catchments, New
Zealand.

J.

Hydrol.

257,

1–26.

https://doi.org/10.1016/S0022-

1694(01)00559-5
McGlynn, B.L., McDonnell, J.J., 2003. Quantifying the relative contributions of
riparian and hillslope zones to catchment runoff. Water Resour. Res. 39.
https://doi.org/10.1029/2003WR002091
Mcglynn, B.L., Mcdonnell, J.J., Seibert, J., Kendall, C., 2004. Scale effects on
headwater catchment runoff timing, flow sources, and groundwaterstreamflow

relations.

Water

Resour.

Res

40,

7504.

https://doi.org/10.1029/2003WR002494
McMillan, H., Freer, J., Pappenberger, F., Krueger, T., Clark, M., 2010. Impacts of
uncertain river flow data on rainfall-runoff model calibration and
discharge

predictions.

Hydrol.

Process.

24,

1270–1284.

https://doi.org/10.1002/hyp.7587
McMillan, H., Krueger, T., Freer, J., 2012. Benchmarking observational
uncertainties for hydrology: rainfall, river discharge and water quality.
Hydrol. Process. 26, 4078–4111. https://doi.org/10.1002/hyp.9384

183

Medalie, L., 2013. Concentration, Flux, and the Analysis of Trends of Total and
Dissolved Phosphorus, Total Nitrogen, and Chloride in 18 Tributaries to
Lake Champlain, Vermont and New York, 1990-2011. U.S. Geol. Surv. 1–39.
Monteith, D.T., Stoddard, J.L., Evans, C.D., de Wit, H.A., Forsius, M., Høgåsen, T.,
Wilander, A., Skjelkvåle, B.L., Jeffries, D.S., Vuorenmaa, J., Keller, B.,
Kopácek, J., Vesely, J., 2007. Dissolved organic carbon trends resulting from
changes in atmospheric deposition chemistry. Nature 450, 537–540.
https://doi.org/10.1038/nature06316
Moroni, M.T., Shaw, C.H., Kurz, W.A., Rampley, G.J., 2010. Forest carbon stocks in
Newfoundland boreal forests of harvest and natural disturbance origin II:
model

evaluation.

Can.

J.

For.

Res.

40,

2146–2163.

https://doi.org/10.1139/x10-155
Mortsch, L.D., Quinn, F.H., 1996. Climate change scenarios for Great Lakes Basin
ecosystem

studies.

Limnol.

Oceanogr.

41,

903–911.

https://doi.org/10.4319/lo.1996.41.5.0903
Mote, P.W., Hamlet, A.F., Clark, M.P., Lettenmaier, D.P., 2005. Declining mountain
snowpack in western north America. Bull. Am. Meteorol. Soc. 86, 39–49.
https://doi.org/10.1175/BAMS-86-1-39
Mulholland, P.J., 2003. Large-Scale Patterns in Dissolved Organic Carbon
Concentration, Flux, and Sources, in: Aquatic Ecosystems. Academic Press,
pp. 139–159. https://doi.org/10.1016/b978-012256371-3/50007-x

184

Mulholland, P.J., Kuenzler, E.J., 1979. Organic carbon export from upland and
forested

wetland

watersheds1.

Limnol.

Oceanogr.

24,

960–966.

https://doi.org/10.4319/lo.1979.24.5.0960
Nathalie Fenner, *,†, Christopher Freeman, †, Maurice A. Lock, †, Harry Harmens,
‡, Brian Reynolds, ‡and, Sparks§, T., 2007. Interactions between Elevated
CO2 and Warming Could Amplify DOC Exports from Peatland Catchments.
https://doi.org/10.1021/ES061765V
Noguchi, S., Tsuboyama, Y., Sidle, R.C., Hosoda, I., 2001. Subsurface runoff
characteristics from a forest hillslope soil profile including macropores,
Hitachi

Ohta,

Japan.

Hydrol.

Process.

15,

2131–2149.

https://doi.org/10.1002/hyp.278
Noguchi, S., Tsuboyama, Y., Sidle, R.C., Hosoda, I., 1999. Morphological
Characteristics of Macropores and the Distribution of Preferential Flow
Pathways in a Forested Slope Segment. Soil Sci. Soc. Am. J. 63, 1413.
https://doi.org/10.2136/sssaj1999.6351413x
Norris, C.E., Quideau, S.A., Bhatti, J.S., Wasylishen, R.E., 2011. Soil carbon
stabilization in jack pine stands along the Boreal Forest Transect Case
Study. Glob. Chang. Biol. 17, 480–494. https://doi.org/10.1111/j.13652486.2010.02236.x
Peters, D.L., Buttle, J.M., Taylor, C.H., LaZerte, B.D., 1995. Runoff Production in a
Forested, Shallow Soil, Canadian Shield Basin. Water Resour. Res. 31,
1291–1304. https://doi.org/10.1029/94WR03286

185

Prestegaard, K.L., 1983. Bar resistance in gravel bed streams at bankfull stage.
Water

Resour.

Res.

19,

472–476.

https://doi.org/10.1029/WR019i002p00472
Rantakari, M., Mattsson, T., Kortelainen, P., Piirainen, S., Finér, L., Ahtiainen, M.,
2010. Organic and inorganic carbon concentrations and fluxes from
managed and unmanaged boreal first-order catchments. Sci. Total Environ.
408, 1649–1658. https://doi.org/10.1016/j.scitotenv.2009.12.025
Raymond, P.A., Saiers, J.E., 2010. Event controlled DOC export from forested
watersheds.

Biogeochemistry

100,

197–209.

https://doi.org/10.1007/s10533-010-9416-7
Raymond, P.A., Saiers, J.E., Sobczak, W. V, 2016. Hydrological and biogeochemical
controls

on

watershed

dissolved

organic.

Ecology.

https://doi.org/10.1890/07-1861.1
Reichstein, M., Bahn, M., Ciais, P., Frank, D., Mahecha, M.D., Seneviratne, S.I.,
Zscheischler, J., Beer, C., Buchmann, N., Frank, D.C., Papale, D., Rammig, A.,
Smith, P., Thonicke, K., van der Velde, M., Vicca, S., Walz, A., Wattenbach, M.,
2013. Climate extremes and the carbon cycle. Nature 500, 287–295.
https://doi.org/10.1038/nature12350
Roberts, K., Harvey, L., Tackman, G., 2016. An Evaluation of Methods for Estimating
Manning ’ s n in Small Mountain Streams Author ( s ): W . Andrew Marcus ,
Keith Roberts , Leslie Harvey and Gary Tackman Published by :

186

International

Mountain

Society

Stable

URL :

http://www.jstor.org/stable/3673667 12, 227–239.
Roy, S., Mistri, B., 2013. Estimation of Peak Flood Discharge for an Ungauged River:
A Case Study of the Kunur River, West Bengal. Geogr. J. 2013, 11.
https://doi.org/10.1155/2013/214140
Ruckstuhl, K.. E., Johnson, E.. A., Miyanishi, K., 2008. Introduction. The boreal forest
and global change. Philos. Trans. R. Soc. Lond. B. Biol. Sci. 363, 2245–9.
https://doi.org/10.1098/rstb.2007.2196
Schelker, J., Eklöf, K., Bishop, K., Laudon, H., 2012. Effects of forestry operations on
dissolved organic carbon concentrations and export in boreal first-order
streams.

J.

Geophys.

Res.

Biogeosciences

117.

https://doi.org/10.1029/2011JG001827
Schelker, J., Kuglerová, L., Eklöf, K., Bishop, K., Laudon, H., 2013. Hydrological
effects of clear-cutting in a boreal forest - Snowpack dynamics, snowmelt
and

streamflow

responses.

J.

Hydrol.

484,

105–114.

https://doi.org/10.1016/j.jhydrol.2013.01.015
Schiff, S.L., Aravena, R., Trumbore, S.E., Hinton, M.J., Elgood, R., Dillon, P.J., 1997.
Export of DOC from forested catchments on the Precambrian Shield of
Central Ontario: Clues from 13C and 14C. Biogeochemistry 36, 43–65.
https://doi.org/10.1023/A:1005744131385

187

Seibert, J., Mcglynn, B.L., 2007. A new triangular multiple flow direction algorithm
for computing upslope areas from gridded digital elevation models 43,
4501. https://doi.org/10.1029/2006WR005128
Senar, O.E., Webster, K.L., Creed, I.F., 2018. Catchment-Scale Shifts in the
Magnitude and Partitioning of Carbon Export in Response to Changing
Hydrologic Connectivity in a Northern Hardwood Forest. J. Geophys. Res.
Biogeosciences 123, 2337–2352. https://doi.org/10.1029/2018JG004468
Serreze, M.C., Walsh, J.E., Chapin III, F.S., Osterkamp, T., Dyurgerov, M.,
Romanovsky, V., Oechel, W.C., Morison, J., Zhang, T., Barry, R.G., 2000.
Observational Evidence of Recent Change in the Northern High-Latitude
Environment.

Clim.

Change

46,

159–207.

https://doi.org/10.1023/A:1005504031923
Shiklomanov, A.I., Yakovleva, T.I., Lammers, R.B., Karasev, I.P., Vörösmarty, C.J.,
Linder, E., 2006. Cold region river discharge uncertainty-estimates from
large

Russian

rivers.

J.

Hydrol.

326,

231–256.

https://doi.org/10.1016/j.jhydrol.2005.10.037
Sidle, Fujieda, M., Shimizu, T., Tsuboyama, Y., Noguchi, S., Hosoda, I., 2000.
Stormflow

generation

in

steep

forested

headwaters:

A

linked

hydrogeomorphic paradigm. Hydrol. Process. 14, 369–385.
Sidle, R.C., Tsuboyama, Y., Noguchi, S., Hosoda, I., Fujieda, M., Shimizu, T., 2000.
Stormflow

generation

hydrogeomorphic

in

steep

paradigm.

forested

Hydrol.

headwaters:

Process.

14,

a

linked

369–385.

188

https://doi.org/10.1002/(SICI)1099-1085(20000228)14:3<369::AIDHYP943>3.0.CO;2-P
Sidle, R.C., Tsuboyama, Y., Noguchi, S., Hosoda, I., Fujieda, M., Shimizu, T., 1995.
Seasonal hydrologic response at various spatial scales in a small forested
catchment,

Hitachi

Ohta,

Japan.

J.

Hydrol.

168,

227–250.

https://doi.org/10.1016/0022-1694(94)02639-S
Sikorska, A.E., Scheidegger, A., Banasik, K., Rieckermann, J., 2013. Considering
rating curve uncertainty in water level predictions. Hydrol. Earth Syst. Sci.
17, 4415–4427. https://doi.org/10.5194/hess-17-4415-2013
Singh, N.K., Reyes, W.M., Bernhardt, E.S., Bhattacharya, R., Meyer, J.L., Knoepp, J.D.,
Emanuel, R.E., 2016. Hydro-Climatological Influences on Long-Term
Dissolved Organic Carbon in a Mountain Stream of the Southeastern United
States.

J.

Environ.

Qual.

45,

1286.

https://doi.org/10.2134/jeq2015.10.0537
Sivapalan, M., Beven, K., Wood, E.F., 1987. On hydrologic similarity: 2. A scaled
model of storm runoff production. Water Resour. Res. 23, 2266–2278.
https://doi.org/10.1029/WR023i012p02266
Sivapragasam, C., Muttil, N., 2005. Discharge rating curve extension - A new
approach.

Water

Resour.

Manag.

19,

505–520.

https://doi.org/10.1007/s11269-005-6811-2
Skjelkvåle, B.L., Stoddard, J.L., Jeffries, D.S., Tørseth, K., Høgåsen, T., Bowman, J.,
Mannio, J., Monteith, D.T., Mosello, R., Rogora, M., Rzychon, D., Vesely, J.,

189

Wieting, J., Wilander, A., Worsztynowicz, A., 2005. Regional scale evidence
for improvements in surface water chemistry 1990-2001. Environ. Pollut.
137, 165–176. https://doi.org/10.1016/j.envpol.2004.12.023
Smithson, P.A., 2002. IPCC, 2001: climate change 2001: the scientific basis.
Contribution of Working Group 1 to the Third Assessment Report of the
Intergovernmental Panel on Climate Change, edited by J. T. Houghton, Y.
Ding, D. J. Griggs, M. Noguer, P. J. van der Linden, X. Da. Int. J. Climatol. 22,
1144–1144. https://doi.org/10.1002/joc.763
Solomon, S. (Atmospheric chemist), Intergovernmental Panel on Climate Change.,
Intergovernmental Panel on Climate Change. Working Group I., 2007.
Climate change 2007 : the physical science basis : contribution of Working
Group I to the Fourth Assessment Report of the Intergovernmental Panel
on Climate Change. Cambridge University Press.
Sørensen, R., Ring, E., Meili, M., Högbom, L., Seibert, J., Grabs, T., Laudon, H., Bishop,
K., 2009. Forest Harvest Increases Runoff Most during Low Flows in Two
Boreal

Streams.

AMBIO

A

J.

Hum.

Environ.

38,

357–363.

https://doi.org/10.1579/0044-7447-38.7.357
Stewart, I.T., Cayan, D.R., Dettinger, M.D., Stewart, I.T., Cayan, D.R., Dettinger, M.D.,
2005. Changes toward Earlier Streamflow Timing across Western North
America. J. Clim. 18, 1136–1155. https://doi.org/10.1175/JCLI3321.1
Stocks, B.J., Fosberg, M.A., Wotton, M.B., Lynham, T.J., Ryan, K.C., 2000. Climate
Change and Forest Fire Activity in North American Boreal Forests.

190

Springer, New York, NY, pp. 368–376. https://doi.org/10.1007/978-0387-21629-4_20
Striegl, R.G., Aiken, G.R., Dornblaser, M.M., Raymond, P.A., Wickland, K.P., 2005. A
decrease in discharge-normalized DOC export by the Yukon River during
summer

through

autumn.

Geophys.

Res.

Lett.

32,

L21413.

https://doi.org/10.1029/2005GL024413
Taylor, C.H., Pierson, D.C., 1985. The effect of a small wetland on runoff response
during

spring

snowmelt.

Atmosphere-Ocean

23,

137–154.

https://doi.org/10.1080/07055900.1985.9649219
Tsuboyama, Y., Sidle, R.C., Noguchi, S., Hosoda, I., 1994. Flow and solute transport
through the soil matrix and macropores of a hillslope segment. Water
Resour. Res. 30, 879–890. https://doi.org/10.1029/93WR03245
Tsukamoto, Y., Ohta, T., 1988. Runoff process on a steep forested slope. J. Hydrol.
102, 165–178. https://doi.org/10.1016/0022-1694(88)90096-0
Turnipseed, D.P., Sauer, V.B., 2010. Discharge measurements at gaging stations,
Techniques and Methods. https://doi.org/10.3133/TM3A8
Urban, N.R., Bayley, S.E., Eisenreich, S.J., 1989. Export of dissolved organic carbon
and acidity from peatlands. Water Resour. Res. 25, 1619–1628.
https://doi.org/10.1029/WR025i007p01619
Varhola, A., Coops, N.C., Weiler, M., Moore, R.D., 2010. Forest canopy effects on
snow accumulation and ablation: An integrative review of empirical

191

results.

J.

Hydrol.

392,

219–233.

https://doi.org/10.1016/J.JHYDROL.2010.08.009
Vucetich, J.A., Reed, D.D., Breymeyer, A., Degórski, M., Mroz, G.D., Solon, J., RooZielinska, E., Noble, R., 2000. Carbon pools and ecosystem properties along
a latitudinal gradient in northern Scots pine (Pinus sylvestris) forests. For.
Ecol.

Manage.

136,

135–145.

https://doi.org/10.1016/S0378-

1127(99)00288-1
Welsch, D.L., Kroll, C.N., McDonnell, J.J., Burns, D.A., 2001. Topographic controls on
the chemistry of subsurface stormflow. Hydrol. Process. 15, 1925–1938.
https://doi.org/10.1002/hyp.247
Weyhenmeyer, G.A., Prairie, Y.T., Tranvik, L.J., 2014. Browning of boreal
freshwaters coupled to carbon-iron interactions along the aquatic
continuum. PLoS One 9. https://doi.org/10.1371/journal.pone.0088104
Winterdahl, M., Erlandsson, M., Futter, M.N., Weyhenmeyer, G.A., Bishop, K., 2014.
Intra-annual variability of organic carbon concentrations in running
waters: Drivers along a climatic gradient. Global Biogeochem. Cycles 28,
451–464. https://doi.org/10.1002/2013GB004770
Worrall, F., Burt, T., Adamson, J., 2006. Long-term changes in hydrological
pathways in an upland peat catchment—recovery from severe drought? J.
Hydrol.

192

Worrall, F., Burt, T., Adamson, J., 2004. Can climate change explain increases in
DOC flux from upland peat catchments? Sci. Total Environ. 326, 95–112.
https://doi.org/10.1016/J.SCITOTENV.2003.11.022

193

