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Abstract 

Coastal watersheds create vital freshwater habitats while also linking land and sea in 

important ways. However, the spatial heterogeneity and functional diversity of 

watersheds is poorly understood at regional scales, hindering our ability to steward 

these ecosystems. In this thesis, I used a combination of watershed characterization and 

riverine field observations to examine spatial controls on watershed-ecosystem pattern 

and process in the Northeast Pacific Coastal Temperate Rainforest. Beginning at the 

regional scale, I developed a watershed classification that predicts streamflow regimes 

and dissolved organic carbon (DOC) dynamics at the coastal margin. This revealed a 

high diversity of watershed types, ranging from glacierized mountains with peak flow in 

summer and dilute DOC, to rain-dominated lowlands with high flows in fall/winter and 

very high DOC concentrations, to rainshadow watersheds with lower summer-flows and 

intermediate DOC. At a meso scale, I assessed how a spatial gradient from inlets to 

islands generated contrasting watershed ecosystems, from a broader water quality 

perspective (e.g., considering nutrients, temperature, etc.). At a local scale, I evaluated 

the relative importance of different landcover types, as well as topography and climate, 

in controlling the spatial variation in DOC concentrations among watersheds of an area 

known as a global hotspot of DOC yields to the ocean. This work showed that maximum 

watershed elevation was a powerful predictor of DOC concentrations because it acted 

as a surrogate for watershed topography, climate, and landcover. Together, these 

studies provided a new framework for understanding what controls the spatial mosaic of 

coastal watershed ecosystems at regional to local scales. I explored how this framework 

could be used to understand the consequences of spatially variable and temporally 

dynamic watershed ecosystems from an ecosystem management perspective. For 

example, a spatially explicit watershed-ecosystem model of this nature could be used to 

design terrestrial and marine protected areas, to assess local watershed health against 

appropriate reference conditions, and to design the spatially representative observation 

networks needed for both science and stewardship. Multi-scale analyses of coastal 

watershed ecosystems offer new tools to study and steward the linkages between land 

and sea in an era of rapid environmental change. 

Keywords:  Watershed; rainforest; river; carbon; ecosystem management. 
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Preface 

This thesis is presented in paper format: a series of three standalone, but 

thematically linked, papers bookended by general Introduction and Conclusion sections. 

Chapter 1 is the general Introduction. Chapter 2 was published in Global 

Biogeochemical Cycles in 2022. Chapters 3 and 4 have yet to be submitted for peer 

review. Chapter 5 is a general conclusion. Each of the research papers is written in 

plural form given the collaborative nature of this work. 

Collaboration was indeed essential to my thesis. In addition to my statements in 

the Acknowledgements sections, I would like to highlight the unique roles of Dr. Gordon 

Frazer, Santiago Gonzalez Arriola, and the Hakai Institute and its staff. In addition to 

providing a great deal of mentorship on data analysis, Gordon used his specialized data 

science skills to complete some analyses at my request. This included the cluster 

analysis and associated analyses in Chapter 2 and the original computer code for the 

heatmap analysis in Chapter 3. In these analyses, I defined the aims, scope, and 

engaged closely with Gordon on the analysis in an iterative fashion and I reviewed all 

computer code. Santiago used his specialized GIS skills to calculate most of the 

watershed characteristics (e.g., maximum elevation and mean annual temperature) used 

in this thesis. I defined which variables to measure and which datasets to use, in close 

collaboration with Santiago, and I did all the more general GIS analysis, spatial data 

management, summary calculations, and map production. Finally, all aspects of my 

thesis research were completed with support from the Hakai Institute, where I have been 

an employee throughout this process. I designed and implemented these studies as a 

staff scientist and drew heavily on Hakai resources including staff support for field data 

collection, lab work, and data management. I could not have completed research 

projects of this scope on my own. 

While my collaborators played essential supporting roles, I took the lead role on 

all three substantive studies included in my thesis. More specifically, I took the lead role 

in defining the research problems, conceptualizing and designing the studies, 

overseeing the field work, analyzing the data, and writing the papers/chapters. 
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Chapter 1. Introduction 

Understanding the quantity and quality of freshwater runoff from watersheds is 

central to understanding both local ecosystem function and global biogeochemical 

cycles (Aufdenkampe et al., 2011; Bormann & Likens, 1967; Cole et al., 2007). The 

rivers of small mountain watersheds in particular play a disproportionately large role in 

carrying terrestrial materials (e.g., organic carbon) from land to sea (Lyons et al., 2002; 

Milliman & Farnsworth, 2011; Milliman & Syvitski, 1992; Warrick & Fong, 2004). The 

lateral flow of water in these systems creates a diverse range of freshwater habitat 

conditions and a diverse range of ecological and biogeochemical linkages across the 

land-ocean aquatic continuum (Ward et al., 2017; Xenopoulos et al., 2017). The social-

ecological consequences of these cross-ecosystem linkages can range from beneficial 

resource subsidies for valued marine consumers (e.g. Harding & Reynolds, 2014) to the 

various detrimental impacts of coastal hypoxia (Fennel & Testa, 2019; Steinberg et al., 

2011). Furthermore, differences in watershed climate and landcover can variably lead to 

either ample supplies of clean drinking water or surface water that is scarce and costly to 

treat (e.g., BC Office of the Provincial Health Officer, 2019). However, our understanding 

of such cross-ecosystem linkages and riverine conditions is hindered by sparse 

observation networks, by spatial heterogeneity of watershed characteristics, and by 

conceptual frameworks that are not sufficiently calibrated to these problems. This in turn 

hinders the ability of society to assess aquatic resources, element cycles, and 

ecosystem health in the face of cumulative stressors. 

These interlocking research problems are exemplified by the Northeast Pacific 

Coastal Temperate Rainforest (NPCTR) region of Western North America (Figure 1.1). 

The region is large and geographically complex. Rainforest vegetation and soils 

dominate the Pacific margin of the continent, grading from the wettest (Perhumid) 

rainforest in the north to drier and more seasonal (Seasonal and Coast Redwood) 

rainforest in the south. Extensive coastal glaciers are found (only) in the mountains of 

Southeast Alaska (AK) and British Columbia (BC). Adjacent to this large and diverse 

rainforest region, the coastal ocean receives freshwater runoff from a few large 

continental watersheds (e.g., Taku R., Fraser R., Columbia R., and Eel R.) as well as 

thousands of small rainforest- or glacier-dominated watersheds that form a contiguous 
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(“line”) source of freshwater (Bidlack et al., 2021; Royer, 1982; Wang et al., 2004). Water 

quality1 in the small coastal rivers varies dramatically. For example, cold glacial rivers 

drain high elevation mountains in AK (Hood & Berner, 2009), while warm streams drain 

the forested landscapes of northern California (CA; Willis et al., 2021). While long-term 

streamflow observation sites are present on most of the large rivers, most of the small 

coastal watersheds have no routine streamflow or water quality data collection. 

Furthermore, long-term observation sites tend to be concentrated in the more heavily 

populated parts of the region (e.g., Southern BC through Northern CA) leading to an 

uneven distribution of data across the geopolitical jurisdictions from AK through CA. 

A few widely distributed research sites in the NPCTR have demonstrated strong 

ecological linkages between land and sea (e.g., Arimitsu, 2018; St. Pierre., 2020; St. 

Pierre et al., 2022; Wetz et al., 2006; Brown & Ozretich, 2009), yet there are vast 

geographic and ecological gaps between well described examples. In the northern half 

of this region, corresponding with the Perhumid portion of the NPCTR, rain-dominated, 

snow-dominated, and glacier-dominated watersheds have exhibited contrasting 

streamflow and water quality regimes (e.g., Edwards et al., 2013). However, much of this 

research arises from a cluster of watersheds around Juneau, AK (e.g., D’Amore et al., 

2015; Fellman et al., 2014; Hood & Scott, 2008), a few watersheds around Prince 

Rupert, BC (e.g., Emili & Price, 2013; Fitzgerald et al., 2003; Gibson et al., 2000), and a 

few watersheds around Calvert Island, BC (Giesbrecht et al., 2021; Oliver et al., 2017; 

St. Pierre et al., 2021). There is nearly 900 km of coastline and ~ 5° degrees of latitude 

between Juneau and Calvert Island. 

                                                 
1 In this thesis, I use water quality as a very broad term to refer to diverse aspects of freshwater 
ecosystems. Depending on the context, water quality includes biogeochemical constituents such 
organic and inorganic materials in dissolved and particulate forms, stream temperature, pH, 
electrical conductivity, turbidity, and isotopic indicators of water source and age. 
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Figure 1.1. Location of the study area and the corresponding regional drainage 
basin, in the context of rainforest and glacial ice cover.  

Note: Watershed outlines are shown for the 10 largest watersheds (Gonzalez Arriola et al., 2018). 
Glacier cover is from RGI Consortium (2015). Regional rainforest cover is derived from the 
original rainforest distribution mapping of Wolf et al. (1995) and Alaback (1996). AK = Alaska; BC 
= British Columbia; WA = Washington; OR = Oregon; CA = California. 
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In between these nodes, very little hydro-biogeochemical research has been 

done on the thousands of small coastal rivers that span the large and heterogenous 

northern part of this region (Bidlack et al., 2021). Furthermore, little has been done to 

develop the kinds of models needed to extend the sparse data we do have to the diverse 

areas in between (but see D’Amore et al., 2016; Edwards et al., 2021). In this thesis, I 

take a step toward solving these knowledge problems by developing new empirical and 

conceptual models of the spatially specific links between small coastal watershed 

characteristics, river hydrology, and riverine water quality in the NPCTR, with an 

emphasis on coastal British Columbia. The transboundary nature of this region requires 

a transboundary approach to science and ecosystem management: integrating data 

from across geopolitical jurisdictions and seeking ecological boundaries to organize work 

over larger scales (Grumbine, 1994). 

The watershed-ecosystem concept of Borman and Likens (1967) provides a 

starting point for this work. The watershed ecosystem is said to integrate complex inputs 

(meteorological, biological, and geological) and terrestrial ecosystem processes into 

hydrological and biogeochemical outputs that can be measured in streams (Likens, 

2020; O’Sullivan, 1979). This concept was first developed to study small subcatchments 

of larger rivers. In this thesis, I draw from the watershed-ecosystem concept to develop 

regional scale understanding of ecologically relevant linkages between land and sea. I 

also draw from the newer Critical Zone concept of Earth scientists. Critical Zone science 

takes a vertically integrative view of Earth’s surface, including the organic and inorganic 

– as well as the aboveground and belowground – components, much like the ecosystem 

concept Tansley articulated in 1935 (Richter & Billings, 2015). The Critical Zone 

framework can be used to better understand the integration of terrestrial organic carbon 

cycling with mineral rock weathering (Keller, 2019), for example. Furthermore, the 

Critical Zone framework can be extended to study the patterns and processes of land-

sea connectivity in fjords (Bianchi et al., 2020). 

This overlapping set of Western science concepts can also be seen as 

complimentary and co-existent (Reid et al., 2020) with much older Indigenous concepts 

of watershed-based ecosystems (Berkes et al., 1998). As such, the watershed-

ecosystem concept is one example of broader parallels between Western science-based 

resource management systems and traditional resource management systems 

(Lertzman, 2009). Coastal Indigenous people have also long understood that 
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ecosystems of land and sea are interlinked and can be viewed as contiguous spatial 

units that span from watersheds into the coastal ocean (Berkes et al., 1998). Current 

Indigenous-led research and monitoring initiatives are also explicitly concerned with 

water quantity and quality in the context of climate change (e.g., Menzies et al., 2022; 

Wilson et al., 2018). It is my intent in this thesis to work respectfully in parallel to the 

kinds of Indigenous knowledge and governance systems that have long sustained 

human communities as part of complex social-ecological systems spanning from land to 

sea (see Dick et al., 2022, Reid et al., 2022; Winter et al., 2020 for published examples). 

Contemporary examples of such Indigenous governance systems may draw from both 

Indigenous and Western ways of knowing (Reid et al., 2022; Menzies et al, 2022). 

Scaling concepts are also central to my thesis (Figure 1.2). Seminal work on “the 

problem of pattern and scale in ecology” (Levin, 1992) laid out a framework for “the 

interfacing of phenomena that occur on very different scales of space, time, and 

ecological organization” (p. 1943). Viewed through this lens, it is clear that ecosystem 

scientists often use the watershed ecosystem as a spatial scale of observation at which 

(ecological) patterns arise from both large-scale controlling mechanisms and from many 

small-scale processes (e.g., Tank et al., 2018). For instance, large (regional) scale 

controls on the carbon cycle of watershed ecosystems include climatic controls on water 

inputs, storage, and evapotranspiration (Battin et al., 2008; Sobek et al., 2007; 

Xenopoulos et al., 2003). Small (site) scale watershed processes include the effect of 

topographic slope on soil moisture and thus organic matter accumulation at a given site. 

Very small (micro) scale processes include microbial respiration or the adsorption of 

dissolved organic compounds on mineral particles (McDowell & Wood, 1984; Neff & 

Asner, 2001). The watershed ecosystem also integrates controls from a range of 

temporal scales (Tank et al., 2018). For example, the riverine organic carbon 

concentration on a given day is expected to reflect both the climate of recent centuries, 

through climatic effects on soil development, and the weather of recent days, through 

the hydrological effects on soil flushing (Mulholland, 2003; Raymond & Saiers, 2010). 

More broadly, in this thesis I am concerned with the landscape ecology of 

watershed ecosystems. First burgeoning in the 1980s, landscape ecology seeks to 

understand the reciprocal interactions of spatial patterns and ecological processes 

(Pickett & Cadenasso, 1995; Turner, 1989). Understanding “the causes and effects of 

[spatial] heterogeneity” is central to this pursuit (Pickett & Cadenasso, 1995, p. 333). 
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Spatial heterogeneity is commonly characterized in terms of spatial mosaics of patches 

that are interconnected by flows. Landscape ecology can be used as a lens to 

understand freshwater and marine ecosystems, as well as the terrestrial ecosystems 

that dominate the field (Soranno et al., 2010; Turner, 2005; Wiens, 2002). Landscape 

ecology is concerned with organisms as well as spatial controls on the flow of matter and 

nutrients (Pickett & Cadenasso, 1995; Turner, 1989). This thesis explores the application 

of landscape ecology concepts to the study of populations of watershed ecosystems 

linking terrestrial and marine ecosystems. More specifically, it treats the watershed as a 

patch, investigates what controls the spatial mosaic of pattern and process among 

contrasting watershed ecosystems, and explores potential consequences of that spatial 

heterogeneity at various scales along the coastal margin. 

A central methodological problem I consider in my thesis is that of upscaling 

observations of local watershed ecosystems to meso scale and regional scale 

understanding of fluvial linkages between land and sea. Spatial heterogeneity of the 

controlling processes and sparsity of the necessary field observations make this 

upscaling both challenging and interesting. In hydrology, this is known as the problem of 

prediction in ungauged basins and has been a major focus of hydrological research in 

recent decades (Hrachowitz et al., 2013). However, the same problems hinder progress 

toward more integrated understanding of hydro-biogeochemical processes (Covino et 

al., 2018; Li et al., 2021) such as terrestrial-aquatic coupling of the carbon cycle (e.g., 

Talbot et al., 2022). 

Responding to this methodological and conceptual challenge from a watershed-

ecosystem perspective, I collected or compiled field observations of river flow and water 

quality (or “hydro-biogeochemistry”) at the coastal outlets of watersheds and related 

those observations to geospatial data describing watershed characteristics. In each 

chapter, I analyzed a population of watershed ecosystems to understand spatial controls 

on – and spatial patterns of – freshwater conditions at the land-sea margin. I used the 

observed relationships between watershed characteristics and water quantity/quality 

measurements to infer patterns and processes in ungauged/unsampled watersheds. 

While my research questions are scientific in nature, my work is also relevant to 

applied problems in conservation planning and watershed stewardship in the context of 

global change. Watersheds can be effective spatial units for conservation planning 
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where populations of watersheds have been characterized and assessed (Lertzman & 

MacKinnon, 2013). Indeed, local-scale watershed-based management, specifically, has 

long been practiced by Indigenous people around the world, including in Western North 

America (Berkes, 1998). Over broad spatial scales, the natural flow regime paradigm 

suggests that watershed-specific streamflow regimes impact diverse aspects of 

freshwater ecosystems and provide a framework to manage watersheds for ecological 

integrity (Poff et al., 1997). Extending this concept to riverine water quality suggests a 

need to define natural water quality regimes, their spatial patterns, and the mechanisms 

controlling those spatial patterns. More broadly, I seek to characterize the “types and 

ranges of natural variation” in watershed ecosystems as a basis to manage for 

ecosystem resilience (Holling & Meffe, 1996, p. 334). I do so while recognizing that our 

perception of what is natural may well include patterns and processes that have been 

shaped by centuries of human activities (e.g., Dick et al., 2022). 

Long-term observation systems are needed to guide ecosystem management 

decisions in the face of cumulative effects on watersheds (e.g., Krabbenhoft et al., 2022; 

McClelland et al., 2015; Wilson et al., 2018). My efforts to relate regional watershed 

gradients to stream hydro-biogeochemistry should help scientists and managers 

evaluate and expand freshwater observation networks to most efficiently and effectively 

represent the diversity of watershed patterns and processes at this scale (Wolock et al., 

2004; Snelder & Biggs, 2002). Better models of the coupling between watersheds and 

stream hydro-biogeochemistry will be needed to evaluate and adapt watershed 

stewardship decisions involving forestry, mining, hydroelectrical developments, and the 

geohazards associate with climate change. Finally, a transboundary spatial framework is 

needed for ecosystem science to better support the coordination of ecosystem 

management across jurisdictions (Grumbine, 1994). 

In this thesis I integrate ideas of watershed ecosystems and landscape ecology 

in the study of riverine ecosystems and land-sea linkages across physiographically 

complex regions. The three substantive chapters represent three spatial scales of 

analysis, proceeding from regional to local (Figure 1.2). In Chapter 2, I ask if watershed 

classification can be used to develop a simplified yet meaningful model of spatial 

variation in streamflow regimes and dissolved organic carbon (DOC) concentration 

dynamics across the large and complex NPCTR region from Southeast Alaska through 

Northern California (Figure 1.1). In Chapter 3, I ask how the spatial heterogeneity of 
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watershed characteristics generates spatial patterns of riverine water quality across 

several watershed types spanning inlet-to-island transects of coastal British Columbia. In 

Chapter 4, I focus on a DOC hotspot identified in Chapter 2 to test our current 

understanding of watershed controls on the spatial variation of DOC concentrations 

exported to the coastal ocean from hypermaritime rainforests. All of these studies have 

implications for understanding upstream processes and downstream consequences in 

the context of resource and environmental management. My concluding chapter draws 

together the key findings, emergent hypotheses, research gaps, and potential 

management applications. 

 

Figure 1.2. The three substantive chapters of this thesis represent three 
different but overlapping spatial-temporal scales.  

Note: In this figure, the axes are non-linear, with a major step-increase denoted by a small gap. 
The boxes denote the scale of analysis for each chapter, the ovals denote the scale of field 
observations, and the dashed lines indicate the scale of controlling processes. In all cases, the 
spatial scale of field observation is the site of the watershed outlet. Axis labels introduce the 
primary scale-related terminology used in this thesis. 
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Abstract 

Watershed classification has long been a key tool in the hydrological sciences, 

but few studies have been extended to biogeochemistry. We developed a combined 

hydro-biogeochemical classification for watersheds draining to the coastal margin of the 

Northeast Pacific coastal temperate rainforest (1,443,062 km2), including 2,695 small 

coastal rivers (SCR) and 10 large continental watersheds. We used cluster analysis to 

group SCR watersheds into 12 types, based on watershed properties. The most 

important variables for distinguishing SCR watershed types were evapotranspiration, 

slope, snowfall, and total precipitation. We used both streamflow and dissolved organic 

carbon (DOC) measurements from rivers (n = 104 and 90 watersheds respectively) to 

validate the classification. Watershed types corresponded with broad differences in 

streamflow regime, mean annual runoff, DOC seasonality, and mean DOC 

concentration. These links between watershed type and river conditions enabled the first 

region-wide empirical characterization of river hydro-biogeochemistry at the land-sea 

margin, spanning extensive ungauged and unsampled areas. We found very high annual 

runoff (mean > 3,000 mm, n = 10) in three watershed types totaling 59,024 km2 and 

ranging from heavily glacierized mountain watersheds with high flow in summer to a 

rain-fed mountain watershed type with high flow in fall-winter. DOC hotspots (mean > 4 

mg L-1, n = 14) were found in three other watershed types (48,557 km2) with perhumid 

rainforest climates and less-mountainous topography. We described four patterns of 

DOC seasonality linked to watershed hydrology, with fall-flushing being widespread. 

Hydro-biogeochemical watershed classification may be useful for other complex regions 

with sparse observation networks. 
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Introduction 

The movement of water and terrestrial material from land to sea is a critical 

biogeochemical process that influences nearshore marine ecosystems (e.g., Arimitsu et 

al., 2018), the broader coastal ocean (Bauer et al., 2013; Carmack et al., 2015), and the 

global carbon cycle (Regnier et al., 2013). However, understanding of this process at a 

global scale is hindered by spatial heterogeneity and sparse observations. Indeed, key 

challenges in marine ecosystem ecology include understanding the role of terrestrial and 

riverine export along the land-ocean aquatic continuum (Borja et al., 2020) and 

upscaling across complex spatial gradients (Xenopoulos et al., 2017). Many regions of 

the world lack a well-distributed network of empirical observation sites, hampering efforts 

to develop spatially generalizable models of watershed (catchment) processes and 

coastal exports (e.g., McClelland et al., 2015; Regnier et al., 2013). Under these 

conditions, the classification of watersheds may serve as a simple tool to extrapolate 

data and knowledge across extensive areas that remain unmeasured (Sivakumar et al., 

2015). Watershed classification also offers a tool for summarizing diverse information in 

a simple and consistent form that improves communication, management applications, 

and conceptual development (e.g., Olden et al., 2012). In this study, we develop and test 

a deductive watershed classification (Olden et al., 2012), using the novel approach of a 

combined hydro-biogeochemical perspective (Covino et al., 2018; Li et al., 2020) and a 

regional scale data synthesis, for watersheds with a terminus along the margin of the 

Northeast Pacific Coastal Temperate Rainforest of North America (NPCTR). 

Over the past two decades, the field of hydrology has pursued watershed 

classification intensively as a tool to organize and advance our understanding of 

dominant processes in the face of immense spatial complexity at regional to global 

scales (McDonnell & Woods, 2004; Sivakumar et al., 2015). One goal of watershed 

classification is to improve streamflow prediction in ungauged basins (Castellarin et al., 

2011 special issue in HESS; Di Prinzio et al., 2011; Sivakumar et al., 2015; Smith et al., 

2018). A broad and well-used framework for hydrologic classification was developed by 

Olden et al. (2012), based on a review of nearly 40 published examples. In this 

framework, deductive classifications are based on watershed characteristics expected to 

control streamflow, while inductive classifications are based on streamflow timeseries 

data, with the former being most useful in regions with sparse observations. New 
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hydrologic classifications continue to emerge (e.g., Mosavi et al., 2021), including 

examples in portions of the NPCTR (e.g., Curran & Biles, 2020; Ouellet Dallaire et al., 

2020; Sergeant et al., 2020). 

Frameworks have also been developed to guide integrative “aquatic ecosystem 

classifications”, which can consider aspects of aquatic biogeochemistry in the context of 

conservation planning and water quality management (Higgins et al., 2005; Melles et al., 

2012; Melles et al., 2014, p. 549; Soranno et al., 2010). Water quality has been linked to 

local catchment classifications and regional zonation maps (Detenbeck et al., 2003; 

Greene et al., 2015; Larsen et al., 2017; Martin et al., 2011; Momen & Zehr, 1998; 

Soranno et al., 2010; Yu et al., 2015). For example, the Hydrologic Landscape Regions 

dataset was developed to guide water quality assessment in the United States (Wolock 

et al., 2004) and has been evaluated with stream nitrogen and chloride data (Hoos & 

McMahon, 2009; Poor et al., 2008). Similarly, the River Environment Classification 

(REC) system developed in New Zealand (Snelder & Biggs, 2002) described river 

classes based on catchment climate, topography, geology, and landcover. The REC 

classes showed different levels of soluble reactive phosphorous, soluble inorganic 

nitrogen, and water clarity (Snelder & Hughey, 2005). In Chile, REC classes had 

different streamflow regimes and different levels of electrical conductivity (Peredo-

Parada et al., 2011). 

Several classification systems explicitly aim to represent the controlling factors of 

both hydrology and biogeochemistry during classification (e.g., Ouellet Dallaire et al., 

2019; Snelder & Hughey, 2005; Wolfe et al., 2019; Wolock et al., 2004). However, most 

broad scale watershed classification studies we found evaluated the defined classes for 

streamflow regimes or for aquatic biogeochemistry but not both concurrently. We 

suggest that the fields of biogeochemistry and hydrology could both be advanced by 

further attention to watershed classification through the interdisciplinary lens of hydro-

biogeochemistry (see Li et al., 2020). 

Here we focus on two inter-connected aspects of freshwater runoff relevant to 

global biogeochemical cycling and land-sea linkages: streamflow regimes and dissolved 

organic carbon (DOC) concentrations. A streamflow regime can be described 

hydrologically in terms of magnitude, frequency, duration, timing, and rate of change and 

is widely considered a ‘master variable’ that creates, maintains, and restores ecological 



 

21 

integrity within river and floodplain ecosystems (Poff et al., 1997). Streamflow regimes 

can be mechanistically linked with watershed characteristics to indicate dominant 

hydrologic processes (McMillan, 2019; Roden, 1967; Sivakumar, 2004) such as the 

relative importance of rain, snow, and glacial contributions (Eaton & Moore, 2010; 

Trubilowicz et al., 2013). Importantly, spatial gradients in runoff magnitude and timing 

directly influence material fluxes and a number of physical and biological processes in 

the coastal ocean, at global (Milliman & Farnsworth, 2011; Syvitski et al., 2005), regional 

(e.g., Carmack et al., 2015; Cuevas et al., 2019), and local scales (e.g., Howe et al., 

2017; Wetz et al., 2006;). DOC and streamflow regimes are primarily controlled by the 

same processes and watershed characteristics (climate and glaciers, topography, soils 

and vegetation), even if the relationships differ (e.g., Edwards et al., 2013). 

While we are interested in river biogeochemistry in general, we focus our 

analysis on DOC for several reasons. First, DOC links the ecology of carbon-dense 

regions, such as the NPCTR (McNicol et al., 2019), with the ecology of the sea. For 

example, fluvial export of terrestrially derived dissolved organic matter (DOM; including 

DOC) stimulates heterotrophic production (St. Pierre et al., 2020) and foodweb uptake 

(Arimitsu et al., 2018; Hitchcock et al., 2016). Second, the threat of global climate 

change to human societies motivates a need to better understand lateral fluxes within 

the carbon cycle (Baeur et al., 2013; Fellman et al., 2017; Regnier et al., 2013; 

Zarnetske et al., 2018). Third, the NPCTR is a DOC export hotspot in the global context 

(Edwards et al., 2021; Hood et al., 2009; Mayorga et al., 2010; Oliver et al., 2017), yet 

has wide ranging spatial variation in DOC concentration (D’Amore et al., 2016) and 

seasonality (Fellman et al., 2014; Oliver et al., 2017). Finally, watershed classification 

that successfully predicts DOC concentrations and seasonality may also be useful for 

other biogeochemical variables with similar landscape controls such as dissolved 

organic nitrogen and iron (Kritzberg et al., 2014; Schroth et al., 2011; St. Pierre et al., 

2021; Sugai & Burrell, 1984). 

Watershed classification may further our understanding of the coupling of DOC 

dynamics with watershed hydrology over complex spatial gradients. After analyzing 

seasonal DOC and streamflow dynamics spanning the geography of Sweden, 

Winterdahl et al. (2014) proposed four watershed classes, characterized by: (1) flow 

driven DOC concentration dynamics (in catchments where higher flows access more soil 

organic matter); (2) temperature driven DOC dynamics (in small peat dominated 
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catchments); (3) flow and temperature driven DOC dynamics with a spring peak from 

snowmelt (in cold catchments); (4) non-seasonal DOC dynamics unrelated to flow or 

temperature (large catchments or large lake cover). Across the Conterminous United 

States (CUS), Zarnetske et al. (2018) found the degree of transport limitation of DOC 

flux varied with local watershed characteristics (e.g., wetland cover) but not ecoregional 

classes. 

The NPCTR margin is an ideal test region for hydro-biogeochemical watershed 

classification, known for high yields of water (e.g., Edwards et al., 2021; Morrison et al., 

2012; Wang et al., 2004) that influence ocean ecosystems (e.g., St. Pierre et al., 2021) 

and regional carbon cycles (Butman et al., 2015; Stackpoole et al., 2017). It is also a 

region undergoing rapid ecosystem change due to warming temperatures, extremely 

high rates of glacial retreat (Clarke et al., 2015; O’Neel et al., 2015), and changing 

streamflow regimes (Bidlack et al., 2021; Shanley et al., 2015). Yet the region is 

physiographically complex (Church & Ryder, 2010) and most watersheds remain 

ungauged and unsampled. While there is gauging on the 10 large continental 

watersheds (Figure A.1), which have been conceptualized as point sources of runoff to 

the ocean, small coastal rivers (SCR) collectively can be thought of as a major line 

source that is sparsely represented in the current gauging network (Royer, 1982; Wang 

et al., 2004). A unified high-resolution watershed classification map has yet to be 

developed for the entire NPCTR margin, including both SCR and continental rivers and 

both northern (Perhumid) and southern (Seasonal) areas of the rainforest (Figure A.1). 

We have two main goals with this work: (1) Develop and evaluate a practical 

deductive method for defining and mapping broad classes of river hydro-

biogeochemistry in regions with sparse observational networks; (2) Develop a new 

spatially explicit conceptual model of watershed biogeochemistry (DOC) and hydrology 

for the coastal margin of the NPCTR. We begin by defining watershed types based on 

watershed characteristics before comparing them in terms of four aspects of river hydro-

biogeochemistry: streamflow regimes, mean annual runoff, DOC seasonality, and mean 

DOC concentrations. We hypothesize that these measures of river hydro-

biogeochemistry correspond with catchment-based watershed types, reflecting 

underlying controls by climate, topography, soils, and vegetation. 
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Methods 

Study area description 

Our study area (1,443,062 km2, Figure A.1) covers all land draining to the coastal 

ocean between approximately Skagway, Alaska (AK) and the Russian River in California 

(CA). This region corresponds to the portion of the North American coastline where the 

temperate perhumid rainforest (north of Knight Inlet / Vancouver Island) and seasonal 

coastal rainforest (from Vancouver Island southward) dominate (Alaback, 1996; Wolf et 

al., 1995). Rainforest ecosystems dominate the westernmost 30 km to 250 km of the 

continent due to the strong orographic effect of the coastal mountains on precipitation 

from Pacific air masses, with the greatest precipitation in fall and winter months (Lane et 

al., 2018; Morrison et al., 2012; Royer, 1982). Inland of the coastal mountains lies a vast 

area of plateaus and inland mountains with continental climates, which range from 

boreal and alpine tundra in the north, through hemiboreal, to arid steppe and desert in 

the south (Beck et al., 2018). Extensive glaciers are found in coastal ranges of AK and 

British Columbia (BC), with lesser amounts of glacial ice cover in the Rocky Mountains 

and coastal mountains of the CUS (RGI Consortium, 2015). North of approximately the 

Puget Sound drainage basin, the landmass was covered by the Cordilleran ice sheet 

during the Pleistocene (Menounos et al., 2009), contributing to a high degree of 

physiographic complexity (e.g., glacial troughs, fjords, island archipelagos, and large 

depositional landforms that now form coastal lowlands; Church & Ryder, 2010). Ten 

large continental watersheds drain the majority (78%) of the study area, spanning both 

continental and coastal areas, whereas thousands of smaller (i.e., SCR) watersheds 

drain the coastal rainforest. 

Watershed delineation 

Watershed polygons were taken from Gonzalez Arriola et al. (2018), who merged 

existing watershed boundary datasets from three jurisdictions (AK, BC, CUS), resulting 

in the highest resolution watershed mapping (~20 km2 minimum catchment size) 

available at a consistent scale across the region. Prior to analysis, we omitted 62,711 

very small polygons (< 10 km2) which together represent only 0.27% of the region yet 

would otherwise have a disproportionately large influence on the cluster analysis due to 
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their great abundance. The omitted polygons (mean size 0.06 km2) were mostly tiny 

islets and other emergent, offshore rock outcrops. The resulting dataset contains 2,708 

watershed polygons (99.73% of the region), with 94.4% of the area in individually 

delineated watersheds (mean 1,207 km2) and 5.6% of the area in polygons that 

represent amalgamations of multiple adjacent small streams (mean 52 km2). 

Watershed characteristics 

We identified topographic, climatic, landcover, and geographic variables 

expected to represent the key watershed-controls on stream hydro-biogeochemistry 

(Figure 2.1; Table 2.1). This list of variables was supported by a review of known 

controlling factors (e.g., Aitkenhead-Peterson et al., 2005; Eaton & Moore, 2010; 

Fleming, 2005; Hood & Berner, 2009; Mulholland, 2003; Trubilowicz et al., 2013) and the 

success of other watershed classifications (e.g., Ouellet Dallaire et al., 2019; Snelder & 

Hughey, 2005; Wolock et al., 2004) (see Table A.1 for detailed rationale). Several other 

variables such as May-to-September (MSP) precipitation, % precipitation as snow, and 

% lake cover were computed, evaluated, and used to aid interpretation, but were not 

included in the final cluster analysis. For this analysis, we did not attempt to quantify 

human-alteration of watersheds, yet acknowledge widespread watershed alteration, 

particularly in the southern half of the region (Wolf et al., 1995). 

All candidate variables were calculated from published geospatial datasets that 

were freely available, peer-reviewed, and spatially consistent across all three geopolitical 

regions with respect to variable definitions and estimation approaches (Table A.1). We 

extracted basic watershed-level statistics (i.e., mean, maximum, or proportional values) 

for each selected variable by overlaying the watershed boundaries on the associated 

source data layer. The final dataset had 2,705 polygons after omitting three polygons 

with suspect or missing attribute data. For slope, vegetation, and glacier cover metrics, 

summary statistics were computed for the portion of the watershed that did not include 

lakes. 
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Figure 2.1. A general workflow for deductive watershed classification and 
validation for a combined hydro-biogeochemical perspective on 
riverine conditions and dynamics.  

Note: Notes on the right offer additional detail, options, examples, or specifics from this study 
(e.g., k-means statistical clustering algorithm). 

Watershed classification 

We used two separate approaches to place all watersheds into discrete types. 

First, we set aside 10 large continental watersheds (Figure A.1) because we expected 
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in terms of catchment controls on river hydro-biogeochemistry (e.g., watershed size, 

transit times, groundwater storage, agricultural land use, and fluvial network structure 

are likely of increasing importance). Second, we grouped the remaining 2,695 SCR 

watersheds into statistically similar clusters using k-means partitioning (Hastie et al., 

2009) with 12 variables and 12 clusters, after exploring several permutations of different 

statistical clustering methods (k-means, k-medoids, unsupervised random forest), 

different lists of input variables, and different numbers (k) of clusters (Figure 2.1). The list 

of input variables p was refined to represent a range of known catchment controls on 

hydro-biogeochemistry (e.g., climate and topography) while minimizing the correlations 

among variables. The number of clusters k was determined in part using the rate and 

pattern of decline in the within-cluster sum of squares with increasing k (Figure A.2). The 

final k-means clustering with p = 12 and k = 12 was judged to best reflect known 

biophysical patterns previously described by regional map products, such as a global 

climatic classification (Beck et al., 2018), ecoregions of North America (CEC, 2009), 

physiographic provinces (e.g., Church & Ryder, 2010 in BC), rainforest zones (Wolf et 

al., 1995), glacier cover (RGI Consortium, 2015), and Biogeoclimatic Ecosystem 

Classification in BC (Salkfield et al., 2016). We used principal component analysis 

(PCA), ordination biplots, and contour plots (Figure A.3) to visualize aspatial 

relationships among watersheds and watershed groups. All input variables were scaled 

to zero mean and unit variance prior to k-means partitioning and PCA. 

Variable importance 

We used supervised random forest (RF) classification, variable importance, and 

feature selection to determine which clustering variables provided the most 

discriminatory power in the separation of SCR watershed types (Table A.2). We selected 

two unique, yet complementary measures of variable importance. First, we used mean 

minimal depth to determine the average depth at which a predictor first appeared as a 

splitting variable beneath the root node. Splitting variables found closer to the root node 

are generally considered more important than those found further down in the tree 

(Ishwaran, 2007). Second, both raw and scaled permutation were used to estimate the 

average increase in out-of-bag (OOB) classification error that occurred when the 

relationship between a predictor and response was disturbed by random shuffling 

(Breiman, 2001). We also employed two backward, feature selection strategies, known 
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as non-recursive (NRFE) and recursive feature elimination (RFE) to identify a subset of 

variables most effective in predicting watershed type (Gregorutti et al., 2017; Guyon et 

al., 2002). Finally, we created separate model performance curves, with the number of 

variables on the abscissa against the OOB classification error on the ordinate, to 

determine which combination of variable importance and feature selection strategy 

produced the best rank ordering of variable importance. We used 200 randomizations of 

rank variable importance and NRFE to establish a mean baseline performance curve for 

the unusual case where there was no logical ordering of variable importance among 

predictors. We omitted geographic coordinates (of watershed centroids) from these 

analyses of variable importance, because (1) they were difficult to interpret and 

contributed limited explanatory power to the RF model (i.e., the OOB error rate 

increased from 5.1% to 6.1% when Poly_x and Poly_y were excluded); (2) Poly_y was 

strongly correlated with Eref (r = −0.9) and moderately correlated with Poly_x (r = −0.7), 

and thus had the potential to distort and obscure the true rank ordering of the most 

functionally relevant variables (Nicodemus et al., 2010). 

Discharge 

Discharge data were acquired for near-outlet gauging stations in 104 

independent watersheds, after omitting stations that were obviously unrepresentative of 

the watershed polygon used for classification (e.g., the Lemon Creek gauge near 

Juneau, AK, is located in a subcatchment with much greater glacier cover than the 

overall watershed) and stations of short duration (< 5 yrs) or poor quality (e.g., seasonal 

data only) (see gauge list in corresponding data package for site assessment notes; 

Giesbrecht et al., 2022). Discharge values were acquired for the period 1981-01-01 to 

2010-12-31, as available. While longer records (e.g., 15 yr.) and greater record overlap 

(e.g., 50%) produce more stable streamflow metrics, in data sparse regions the “best 

use of the available data must be made” (Kennard et al., 2010, p. 150). 

We considered all gauges operated by the Water Survey of Canada (WSC) and 

the US Geological Survey (USGS). We included both active and deactivated gauges to 

increase spatial coverage. Where multiple gauged rivers converge near a common 

outlet, we used the summed flow and summed area of all gauges. Our search of USGS 

gauges was based on the ‘GAGES-II’ inventory of Falcone (2011), which notably omitted 

a gauge on the lower Skagit River. We used R to access and integrate daily discharge 
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data from the two national databases. This required the ‘tidyhydat’ package for WSC and 

‘dataRetrieval’ package for USGS. We omitted leap days (February 29) due to smaller 

sample sizes (e.g., Curran & Biles, 2020). Specific discharge was calculated as the 

mean daily flow in m3s-1 divided by the gauged drainage area in km2. We assigned 

streamflow regimes to one of five archetypes known for this region, based on the work of 

Eaton and Moore (2010) and Trubilowicz et al. (2013). Mean annual runoff (MAR) was 

calculated as the sum of mean daily runoff values. 

Dissolved organic carbon 

We compiled a dataset of 4,674 riverine DOC concentration (mgL-1) 

measurements at near-outlet stream locations in 90 watersheds. We omitted sites that 

were clearly unrepresentative of the watershed outlet (e.g., located in a headwater 

stream or a nested catchment with much lower/higher slope than the watershed 

polygon) and sites with suspect data quality (e.g., persistent values of 1.0 at Cummins 

Creek, OR. See DOC site list in corresponding data package for site assessment notes; 

Giesbrecht et al., 2022). Additionally, we omitted sites with n < 5 samples, except in the 

case of four watershed types that would otherwise have < 5 polygons with data. In these 

cases, we accepted sites with n ≥ 3 samples. In watersheds with multiple sites, we either 

selected the most representative station (e.g., a mainstem site) or averaged data from 

multiple stations to achieve representation of the polygon (e.g., multiple small streams 

draining from an amalgamated polygon). The DOC sites did not necessarily correspond 

with the gauging locations. Accepting sites without both data types allowed us to 

maximize the spatial coverage of validation data. 

The DOC dataset was derived from an exhaustive search of six different water-

quality databases. For river outlets in the USA, we downloaded data from four databases 

(e.g., EPA and USGS) using the Water Quality Portal (WQP) Data Discovery Tool in R 

for the time period 1981-01-01 through 2019-09-30. Environment and Climate Change 

Canada provided a spreadsheet of DOC data upon request (ECCC, 2019). From this 

dataset we omitted records from the San Juan and Fraser Rivers with high specific 

conductance (> 100 µs/cm), which is indicative of seawater mixing at these tidally 

influenced sampling sites (personal communication, Ayisha Yeow ECCC). To increase 

the spatial coverage in more remote watersheds of British Columbia, we included DOC 
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samples from the Hakai Institute’s database of coastal watershed biogeochemistry (see 

Tank et al., 2020 for lab methods). 

Sensitivity analysis 

Given the sparse observation network in parts of this region, we included all the 

gauging stations and DOC sampling sites that met basic criteria for location, temporal 

coverage, and quality (Figure 1). This meant accepting some sites with significant 

anthropogenic alterations or other factors (e.g., small sample size) that might affect 

stream hydro-biogeochemistry results. However, we assessed the sensitivity of our main 

results (e.g., plots of streamflow and DOC) to the inclusion or omission of these sites 

(see site ranking in Giesbrecht et al., 2022) and found the main conclusions were not 

impacted except by improving data coverage in some watershed types. This analysis 

was not designed to evaluate anthropogenic impacts on stream hydro-biogeochemistry. 

Contour plots 

We constructed contours of predicted MAR and DOC within the first two 

dimensions of PCA ordination space using two separate training datasets of observed 

MAR and DOC collected for a subset of watersheds. Predictions were derived from 

Generalized Additive Models (GAM) of the form y = α + f1(x1, x2) + ε, where f1(x1, x2) is a 

two-dimensional isotropic smooth function, which describes the interaction between 

predictors x1 and x2 on the response y; x1 and x2 are respectively the first two principal 

components (PC1 and PC2) of the PCA. Both prediction models were fitted by the R 

package mgcv V1.8-31, using the gamma family of distributions and log-link function to 

constrain the predicted response to positive values. Smoothing parameters were 

automatically selected using the restricted maximum (REML) likelihood method. Out-of-

sample (generalization) prediction errors were estimated using mean goodness-of-fit 

statistics (i.e., adjusted R2 and the percent deviance explained) obtained from repeat (10 

times) 10-fold cross validation. 

Calculation of regional totals 

We assessed the area-weighted importance of each watershed type. To do this, 

we calculated the absolute and relative contribution of each watershed type to the total 
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regional area, total mean annual precipitation, total mean annual precipitation as snow, 

and total glacial ice cover. For precipitation, we calculated the mean annual volume of 

water inputs to each watershed as the product of watershed area and watershed-mean 

precipitation. We then summed the total precipitation volume of all watersheds in each 

type and for the entire region. For glaciers, we summed glacier cover across all 

watersheds in each type and in the region. We then calculated the relative (%) 

contribution of each watershed type to regional total areas (watershed area and glacier 

area) and volumes (precipitation and precipitation as snow). 
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Results 

Watershed types and distinguishing watershed 
characteristics 

The cluster analysis grouped the 2,695 SCR watersheds into 12 distinct 

watershed types, with most of the variance among watersheds explained by two 

principal components (Figure 2.2). The 12 SCR watershed types were given three-letter 

labels reflecting the characteristic water source, topography, and a modifier (Figure 2.2, 

Table 2.1). This approach to labelling represents the statistically important variables, 

easy-to-remember distinguishing features (e.g., latitudinal zone, glacier cover), and 

known catchment controls on runoff and DOC (e.g., glacier cover). Outside the SCR 

zone, two continental watershed types were recognized by visual inspection of the data 

(Table 2.1) and labelled by the characteristic water source alone (SC – Snow 

Continental and RC – Rain Continental. 

Analysis of variable importance showed that three of the clustering variables – 

Eref, Slpe_avg, and PAS (Table 2.1) – accounted for most of the discriminatory power 

(Table A.2, Figure S2.2b) in the separation of watershed types (Figure 2.2). Eref had a 

strong positive correlation with MAT (r = 0.9) and negative correlation with latitude 

(Poly_y; r = –0.9) (Figure 2.2; Figure A.2c), which together suggested a broad thermal 

gradient from north to south (hence the latitude modifier). Mean slope was correlated 

with relief (Elev_max; r = 0.7) and described a topographic gradient from flat-lowland 

watersheds to steep-mountainous watersheds (hence the topography code), broadly 

oriented with continentality. PAS was correlated with cold temperatures (MAT; r = –0.8) 

and heavy glacier cover (r = 0.6; Figure A.3) and thus represented a gradient from cold 

and glacierized watersheds to warm and rain-dominated watersheds (hence the water 

source code). The fourth strongest predictor of watershed type was MAP; however, in 

contrast to the top three ranked predictors, MAP occurred much lower in the ensemble 

of decision trees (Table A.2). We therefore suspect that MAP interacted with thermal and 

topographic gradients to produce the spatial mosaic of watershed characteristics in this 

region. 

The SCR and continental watersheds when combined represented 14 watershed 

types, each of which can be mapped (Figure 2.3) and described in terms of typical 
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watershed properties and internal variability (Table 2.1, Figure A.4, Text A.1). For 

example, GMH represented the mountainous (2,627 ± 739 m elevation) and cold (0.17 ± 

1.17 °C) extreme for the region, with correspondingly extreme ice cover (62.8 ± 13.5%), 

MAP (4,755 ± 1,399 mm), PAS (2,851 ± 886 mm, 60.7 ± 9.9%), and (low) mean 

vegetation height (0.9 ± 1.7 m). RHS represented the warmest watersheds in the region 

(MAT 11.34 ± 0.86 °C), with the highest evapotranspiration on the coast (895 ± 107 

mm), spanning from the central coast of Oregon to northern California. The three-letter 

labels can also be used to group the watershed types by water source or terrain (Figure 

2.2, Figure A.5), creating a nested classification mapping system. 

 

Figure 2.2. Ordination bi-plot of principal components 1 and 2, showing 
clustering results for SCR watersheds.  

Note: Each point represents a watershed, while colours denote the k = 12 watershed types, each 
labelled with a three-letter code. Vectors show the direction and strength of correlation between 
individual watershed properties (p = 12) and the PCs. Cross-hairs mark the geometric center 
(centroid) of the corresponding cluster, labelled by cluster ID number. For each cluster, the ellipse 
delineates the 95% probability contour of a bivariate normal distribution (PC1 and PC2). Grey text 
boxes offer interpretative labels for generalized regional gradients in climate and topography. The 
legend is respectively ordered by characteristic water source, latitudinal modifier, and topographic 
group, in that order.
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Table 2.1. Mean (and standard deviation) of the 12 watershed properties used for clustering analysis. This table also 
reports mean watershed area and total number of polygons. Acronyms for watershed types are defined in 
Figure 2. 

Watershed 
type 

Centroid x 
location 

Centroid y 
location 

Glacier 
cover (%) 

Max elev 
(m) 

Slope 
(°) 

Slope < 5° 
(%) 

MAP 
(mm) 

Eref 
(mm) 

PAS 
(mm) 

MAT 
(°C) 

TD 
(°C) 

Veg Height 
(m) 

Area 
(km2) 

Polygons 
(N)  

Poly_x Poly_y Glc_prct 
Elev_ 
max 

Slpe_ 
avg Slpe5 

MAP_ 
avg 

Eref_ 
avg 

PAS_ 
avg 

MAT_ 
avg 

TD_ 
avg 

VegHt_ 
avg 

Area_ 
km2 Poly_n 

GMH –2207041 
(87619) 

2613545 
(187570) 

62.840 
(13.486) 

2,627 
(730) 

17.8 
(4.4) 

26.3 
(14.8) 

4,755 
(1,399) 

298 
(31) 

2,851 
(886) 

0.17 
(1.17) 

15.74 
(1.47) 

0.9 
(1.7) 

384 
(326) 

41 

GMM –2077757 
(93153) 

2266114 
(361800) 

11.652 
(8.675) 

1,877 
(402) 

26.3 
(3.4) 

4.6 
(4.1) 

3,192 
(892) 

384 
(43) 

1,533 
(428) 

2.05 
(0.92) 

16.58 
(1.09) 

7.3 
(5.5) 

327 
(831) 

178 

SMX –2233795 
(46007) 

2538454 
(90396) 

1.282 
(3.267) 

1,113 
(226) 

22.5 
(3.9) 

6.7 
(6.4) 

4,145 
(1,158) 

371 
(16) 

1,212 
(324) 

3.59 
(0.76) 

13.82 
(1.15) 

9.1 
(5.1) 

54 
(39) 

197 

SMN –2069437 
(33773) 

2036404 
(171446) 

0.131 
(0.502) 

1,146 
(247) 

24.8 
(3.5) 

3.8 
(2.7) 

4,433 
(708) 

461 
(34) 

1,106 
(302) 

4.85 
(0.87) 

15.53 
(0.97) 

23.5 
(3.4) 

58 
(55) 

314 

SMC –1941546 
(66158) 

1625420 
(243028) 

0.787 
(1.851) 

1,781 
(407) 

26.0 
(4.5) 

4.3 
(6.7) 

2,722 
(540) 

513 
(47) 

736 
(256) 

5.10 
(1.20) 

15.40 
(1.10) 

24.2 
(4.5) 

278 
(925) 

248 

RMN –2195221 
(55354) 

2347359 
(190728) 

0.002 
(0.023) 

806 
(171) 

17.1 
(3.3) 

12.6 
(7.1) 

3,085 
(626) 

417 
(27) 

566 
(175) 

5.15 
(0.82) 

13.30 
(1.16) 

22.0 
(3.6) 

50 
(66) 

516 

RHN –2181865 
(59700) 

2208147 
(231836) 

0.000 
(0.000) 

544 
(204) 

9.6 
(2.5) 

32.8 
(12.0) 

2,720 
(504) 

441 
(32) 

291 
(102) 

6.29 
(0.78) 

12.32 
(1.00) 

20.6 
(3.4) 

50 
(58) 

329 

RLN –2161232 
(70023) 

2046325 
(281377) 

0.000 
(0.000) 

230 
(164) 

3.6 
(1.5) 

76.5 
(14.6) 

2,278 
(568) 

468 
(40) 

150 
(71) 

7.12 
(0.90) 

11.39 
(1.12) 

18.5 
(3.6) 

46 
(49) 

138 

RMC –2037953 
(46094) 

1574117 
(156730) 

0.017 
(0.204) 

1,087 
(304) 

21.1 
(4.3) 

8.1 
(5.8) 

3,794 
(618) 

553 
(42) 

386 
(159) 

7.11 
(0.76) 

12.78 
(1.13) 

27.9 
(2.7) 

96 
(177) 

261 

RHC –1956121 
(64923) 

1373649 
(189085) 

0.000 
(0.000) 

787 
(372) 

10.9 
(3.4) 

26.5 
(13.0) 

2,126 
(673) 

626 
(63) 

131 
(79) 

8.45 
(0.80) 

12.85 
(1.65) 

25.8 
(3.3) 

157 
(463) 

227 

RLC –1903634 
(63158) 

1213933 
(139889) 

0.000 
(0.000) 

254 
(189) 

4.3 
(1.8) 

68.2 
(16.6) 

1,366 
(550) 

702 
(56) 

40 
(23) 

9.79 
(0.55) 

12.35 
(1.71) 

19.0 
(5.3) 

64 
(56) 

158 

RHS –2165234 
(56393) 

488409 
(228072) 

0.000 
(0.000) 

729 
(351) 

12.3 
(4.1) 

19.4 
(17.1) 

1,802 
(531) 

895 
(107) 

22 
(16) 

11.34 
(0.86) 

9.28 
(1.85) 

26.8 
(4.6) 

304 
(608) 

88 
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SC –1851232 
(195414) 

2004722 
(598574) 

3.918 
(3.283) 

3,074 
(624) 

14.4 
(2.6) 

26.6 
(9.6) 

1,139 
(258) 

461 
(156) 

608 
(243) 

1.63 
(2.37) 

20.29 
(1.18) 

14.1 
(3.8) 

174,934 
(256,810) 

6 

RC –2079102 
(67869) 

520528 
(159221) 

0.001 
(0.003) 

3,010 
(863) 

13.3 
(1.5) 

19.8 
(13.2) 

1,329 
(250) 

977 
(66) 

76 
(32) 

10.15 
(1.41) 

15.63 
(1.71) 

27.0 
(3.7) 

18,922 
(14,562) 

4 

Note: The variables were defined as follows: Glc_prct = % cover of glaciers; Elev_max = maximum watershed elevation; Slpe_avg = average watershed slope; Slpe5 = the 
proportion of the watershed with slope < 5°; MAP_avg = Mean Annual Precipitation; PAS_avg = Precipitation As Snow; MAT_avg = Mean Annual Temperature; TD_avg = 
Temperature Difference between mean warmest month temperature and mean coldest month temperature (a measure of continentality); Eref_avg = Hargreaves reference 
(potential) evapotranspiration; VegHt_avg = mean vegetation height; Poly_x and Poly_y indicate watershed centroid coordinates. All climate variables were calculated as the 
mean of grid cells located in a watershed. A horizontal line divides the 12 SCR watershed types from the two continental watershed types. 
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Figure 2.3. Map of the 14 watershed types of the NPCTR margin, ranging from 
heavily glacierized mountains (GMH) in the north to rain hills in the 
south (RHS) to two large continental watershed types draining 
inland areas (SC and RC). 
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Streamflow regimes across watershed types 

We hypothesized that the statistical clustering based on watershed properties 

would yield coherent watershed types with predictable streamflow regimes. Indeed, 

mean streamflow regimes showed clear association with watershed types and varied 

dramatically across the coastal region (Figure 2.4). Some watershed types also 

contained substantial internal variation related to the defining characteristics of the type 

(combinations of PAS, glacier cover, and MAP in particular) (Supporting Information Text 

A.2). In the SMC type, for example, the spring freshet was more pronounced in 

watersheds with high PAS and low glacier cover. In SMC and GMM types, watersheds 

with higher glacier cover reached maximum summer flow later, reflecting a shift from 

snowmelt to icemelt controlled runoff timing (Fleming, 2005) and potentially also 

reflecting the effect of elevation on snowmelt timing and summer precipitation (Curran & 

Biles, 2020). Due to such catchment level controls, the SMC type included a few 

watersheds with the nival dominant hybrid or glacier supported nival streamflow regimes 

defined by Eaton and Moore (2010) and Trubilowicz et al. (2013), while the pluvial 

dominant hybrid regime was most common across the 22 gauged watersheds. 

Importantly, the variation within watershed types was generally small relative to the 

variation between most types, in terms of general hydrograph shape (timing and duration 

of high and low flow periods). As such, the mean discharge hydrograph for each 

watershed type provided a simple but useful tool to describe broad streamflow patterns 

across the region. 

Five of the SCR watershed types had mean streamflow regimes clearly 

influenced by snowmelt, with varying degrees of glacial influence (Figure 2.4). Glacial 

and glacier supported nival streamflow regimes (Eaton & Moore, 2010; Trubilowicz et al., 

2013) were found in the two glacierized watershed types (GMH and GMM, respectively). 

The GMM average hydrograph peaked in the spring/early summer whereas the snowier 

and more heavily glacierized GMH peak was later and much larger. The three snow-

mountain watershed types (SMX, SMN, SMC) had mean hydrographs that were 

characterized by two high flow periods: high flows in spring associated with snowmelt 

and higher flows in fall associated with fall rains. As such, all three typically had the 

pluvial dominant hybrid streamflow regime defined by Eaton and Moore (2010) and 

Trubilowicz et al. (2013), although fall flows were not much higher than spring flows in 
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the SMC type. Watershed types SMX and SMN maintained relatively high flows in mid-

summer despite generally low glacial cover (0-3%), reflecting a combination of high 

summer precipitation (MSP > ~1,200 mm on average), high annual snowfall (> ~1,000 

mm on average), and glacial contributions in some watersheds. By contrast, SMC had 

much lower summer flows, likely reflecting much lower inputs of snow and summer 

precipitation. Watershed types SMC and SMN showed sustained winter flows due to 

ongoing rain at lower elevations whereas cluster SMX had relatively low winter flows 

reflecting a colder climate with a greater proportion of precipitation as snow at all 

elevations. 
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Figure 2.4. Observed streamflow regimes by watershed type summarized for all 
104 gauged watersheds. 

Note: Specific discharge was calculated for each watershed as a daily mean between 1981 and 
2010, based on available data. Heavy black lines represent the mean specific discharge 
observed across watersheds of a type. Thin coloured lines represent the specific discharge 
observed in gauged watersheds and indicate the degree of within-type spatial variation. Extreme 
values (0.5-0.9) observed at two RMC gauges are not shown, to improve the resolution of this 
figure. The number of gauged watersheds per watershed type varied from 0 in RLN to 22 in SMC 
(see Table 2.2). Vertical reference lines mark the divisions between the four astronomical 
seasons. 
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Of the remaining six SCR watershed types, the five that had streamflow data all 

showed a predominantly rain-driven (pluvial; Eaton & Moore, 2010; Trubilowicz et al., 

2013) mean hydrograph (n = 57 gauged watersheds), despite snowmelt contributions in 

some gauged watersheds (Giesbrecht et al., 2022). Each rain watershed type had a 

distinct seasonality that reflected watershed climate and latitude. Fall flows increased 

earlier in the north and later in the south, similar to the pattern observed by Eaton and 

Moore (2010) within BC specifically. Mean hydrographs of the RMN, RHN, and RMC 

types reflected a wet, rain-dominated climate: high flows in fall and winter, followed by 

early/mid-summer low flows, and increasing flows by late summer. RMN had the most 

stable spring flows on average, likely because it received the most snow and two of the 

gauged watersheds had spring freshets. RMC was distinguished by the highest fall and 

winter flows in the region and a short low flow period, reflecting the extreme rainfall of 

this watershed type. In rainshadow and more southerly locations, RHC, RLC, and RHS 

had consistently much lower and longer summer low flows reflecting a lack of significant 

snowmelt and low seasonal precipitation (MSP < 500 mm). Fall through winter flows 

decreased from RHC to RHS to RLC watershed types, corresponding with decreasing 

MAP. The two driest types (RLC and RHS) did not experience rising flows until mid-fall. 

The coastal rainshadow type (RLC) had a streamflow regime very similar to the RC type 

of the Southern zone. RLN did not have a gauge yet catchment characteristics (MAP, 

Eref, and % snow) suggest a streamflow regime that is intermediate between clusters 

RHN and RHC. 

The 10 continental rivers showed either snow-dominated or rain-dominated 

streamflow regimes (Figure 2.4). In the SC watershed type, mean runoff was highest in 

late spring and slowly receded through summer. This nival streamflow regime reflected 

the high proportion of precipitation as snow (mean 52%) in this watershed type. Among 

the six SC watersheds, the three northernmost rivers (Taku, Stikine, Nass) had the most 

prolonged summer flows (Figure A.6), which corresponded with higher glacial cover (5.9-

7.5% vs. 0.3-1.5% in the Skeena, Fraser, and Columbia) and more snow (750-859 mm 

vs. 251-581 mm; 54-66% vs. 34-46%), suggesting a glacier supported nival runoff 

regime. The SC watersheds also had a higher ratio of MSP to MAP than most watershed 

types, suggesting additional rainfall contributions to summer flows. A secondary period 

of rain induced flows was evident in all SC watersheds in fall. The importance of 

atmospheric rivers on these continental watersheds (e.g., Curry et al., 2018) was likely 
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underestimated in our study because gauges were located upstream of some coastal 

mountain subcatchments. The Columbia R. had a strongly attenuated hydrograph owing 

to large watershed size, highly regulated flow, and a warmer-drier climate than other SC 

watersheds (e.g., 34% vs. > 44% PAS respectively). The RC watershed type showed a 

pluvial streamflow regime owing to warm continental temperatures and rain-dominated 

precipitation (2-12% PAS). 

Mean annual runoff across watershed types 

The average MAR varied dramatically between several watershed types, such as 

RHN vs. RHS, while there was also substantial overlap between other types (e.g., GMM 

vs. SMC) (Table 2.2, Figure 2.5a). The association of average MAR with watershed 

types offered a means to characterize broad spatial patterns of observed MAR across 

the region. However, a few types were poorly constrained, with only one to a few gauges 

or high variability among gauges (e.g., GMH, SMX, SMN, and RHN). 

Among coastal watersheds, the GMH (n = 1) type had the highest runoff (4,954 

mm; Table 2.2, Figure 2.5a). This was more than double the mean MAR of the GMM 

type (2,325 ± 738 mm), which had much lower ice cover and much lower precipitation, 

partly because some GMM watersheds extended into the lee of the coastal mountains. 

Mean MAR was also very high (> 3,500 mm) in the SMN and RMC watershed types, 

where glaciers were absent or very small, but MAP was very high (Table 2.1). High 

mean MAR values (2,000 to 3,000 mm) were observed in the remaining northern 

watershed types (SMX, RHN, RMN) as well as the snow mountains of the central zone 

(SMC), all of which received high MAP. Rain hills of the central and southern zones 

(RHC, RHS) had moderate runoff (1,000 to 2,000 mm mean MAR), reflecting a drier 

climate toward the south and in the rainshadow of coastal mountain ranges. Mean MAR 

from either continental watershed type (SC: 747 ± 364 mm, RC: 620 ± 176) was much 

lower than any of the coastal watershed types (Figure S2.7), except the rain(shadow) 

lowland watershed of the central zone (RLC) with 694 ± 291 mm, which clearly reflected 

the low rates of precipitation inputs to these three watershed types (Table 2.1, Figure 

A.8). Long residence times in the (large) continental watersheds likely contributed to low 

runoff ratios (Figure A.8). 
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Much of the watershed-level variation in MAR was associated with gradients of 

precipitation (water inputs), glacier cover (negative mass balance), evapotranspiration 

rate, and watershed size (water losses) (Figure 2.5b, Figure A.8). Some of the variation 

may be due to human alteration of watersheds. For example, very low runoff ratios 

(MAR:MAP) in the rather wet Skokomish (2,996 mm MAP, RMC) and Sawmill Creek 

(4,220 mm MAP, SMX) watersheds were likely caused by the dams and diversions 

present in those watersheds. 

 

 

Figure 2.5.  Variation of river Mean Annual Runoff (MAR) (n = 104) and mean 
dissolved organic carbon (DOC) (n = 90) concentration across 
watershed types (a) and across all watershed polygons (b). 

In (a), the distribution of observed values is show by boxplots and individual watershed values are 
shown as small grey dots. In (b), black dots represent watersheds with riverine MAR and DOC 
observations, on a plot of PC1 vs. PC2 (Figure 2.2). Colours indicate the watershed type for 
watersheds without observations. Contour lines represent predicted mean values from 
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generalized additive models using PC1 and PC2 as interacting predictors. For MAR, repeat (10 
times) 10-fold cross-validation indicates adjusted R2 = 0.321 ± 0.026 SD and mean deviance 
explained = 52.34 ± 2.61% SD. For DOC, cross-validation indicates adjusted R2 = 0.694 ± 0.028 
SD and mean deviance explained = 77.24 ± 1.78% SD. 

Table 2.2. Summary statistics for MAR and DOC, calculated across all 
watersheds with data, in each of the 14 watershed types draining to 
the NPCTR margin. 

Watershed 
type 

MAR  
(mm) 

MAR range 
(mm) 

MAR  
(n) 

DOC  
(mg L‐1) 

DOC range  
(mg L‐1) 

DOC  
(n) 

GMH 4,954 (NA) NA 1 0.99 (0.55) 0.60-1.38 2 
GMM 2,325 (738) 1,498-3,894 10 1.08 (0.33) 0.60-1.73 13 
SMX 2,691 (1,182) 1,562-4,009 4 1.81 (0.32) 1.58-2.04 2 
SMN 4,226 (NA) NA 1 NA (NA) NA-NA NA 
SMC 2,101 (798) 813-3,806 22 1.94 (1.05) 0.87-4.63 11 
RMN 2,396 (537) 1,714-3,315 6 4.48 (3.51) 1.12-8.40 4 
RHN 2,741 (838) 1,962-3,627 3 7.54 (2.63) 3.75-12.49 7 
RLN NA (NA) NA-NA NA 6.28 (4.36) 2.76-11.16 3 
RMC 3,910 (1,750) 1,137-6,849 8 3.36 (2.20) 0.78-8.10 11 
RHC 1,562 (601) 735-2,623 20 2.03 (1.05) 0.91-4.69 11 
RLC 694 (291) 262-1,034 8 3.12 (1.90) 1.56-5.42 5 
RHS 1,298 (699) 572-2,873 11 1.34 (0.51) 0.57-2.17 13 
SC 747 (364) 305-1,324 6 2.16 (0.96) 1.25-3.49 5 
RC 620 (176) 480-854 4 1.54 (0.18) 1.39-1.74 3 

Note: The standard deviation is reported in brackets. The sample size (n) represents the number of watersheds with 
field observations. 

Seasonality of riverine DOC concentration across watershed 
types 

Like streamflow regimes, broad patterns of DOC seasonality also appeared to be 

associated with watershed type (Figure 2.6), although the available data were too sparse 

to recognize or reject the possibility of distinct DOC seasonality for each type. Most of 

the watershed types had elevated average DOC concentrations in October or 

November, presumably associated with flushing of vegetation and soil organic matter 

during fall rains. This was observed across a wide range of watershed characteristics 

and geographic locations, from RHS of California to the GMH of Southeast Alaska. In 

two of the northern rain types (RHN and RMN), DOC tended to begin increasing in 

summer – earlier than DOC increased in the rain types further south (e.g., RHC and 

RLC). The apparent August peak in RHN and RMN (Figure 2.6) may be an artifact of 
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missing August data at some lower-DOC watersheds (see Giesbrecht et al., 2022 data 

package). However, a few data rich watersheds in RHN confirmed a DOC increase 

starting in mid-summer, followed by maximum mean concentrations in 

September/October. 

The SC type was unique in having a distinct and dominant spring DOC peak (> 4 

mg L-1) just as streamflow increased due to snowmelt. This constituted an approximate 

doubling of DOC concentration in April compared to the preceding winter months. The 

GMM type showed a subtle increase in DOC in spring on average (Figure 2.6). No DOC 

data were available for the SMN type. Both glacierized watershed types (GMH and 

GMM) were characterized by a strong dilution effect during the meltwater season. In 

summary, the 14 watershed types appeared to capture four general patterns of DOC 

seasonality which can be named by the dominant process: spring flushing, summer 

diluting, summer-fall flushing, and fall flushing. 
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Figure 2.6. Observed DOC regimes by watershed type, for all n = 90 watersheds 
with DOC observations. 

Note: Dots represent the average of mean monthly DOC concentrations observed across 
watersheds, for a given cluster. The number of sampled watersheds varies from 2 to 13 (see 
Figure 2.5). Error bars represent the standard deviation across watersheds (spatial variation). 
Vertical reference lines mark the divisions between the four astronomical seasons: winter, spring, 
summer, and fall. 
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DOC concentration across watershed types 

As we hypothesized, mean and median DOC at river outlets varied with 

watershed type (Table 2.2, Figure 2.5a). Mean DOC was high (> 4 mg L-1) in northern 

rain types (RMN, RHN, and RLN), moderate (3-4 mg L-1) in RLC and RMC, and low (< 

2.5 mg L-1) in the remaining seven watershed types. The lowest mean DOC was 

observed in the two glacierized mountain watershed types (GMH and GMM). Notably, 

the SC watershed type had higher mean DOC than several coastal watershed types 

(Table 2.2), which was due to higher concentrations in the Fraser (3.49 ± 1.76 mg L-1, n 

= 470) and Skeena (2.83 ± 1.89 mg L-1, n = 461) rivers (Figure A.7). 

The defining characteristics of the watershed types appear to impose broad scale 

spatial controls on DOC concentration. Slope alone was only weakly correlated with 

DOC concentration, over such a wide range of climatic conditions (Figure A.9). Rather, 

the three watershed types with high DOC (RMN, RHN, RLN) were characterized by 

terrain with comparatively low to moderate slope and elevation and a perhumid coastal 

climate with comparatively low evapotranspiration and high precipitation (Figure 2.5b). 

The sampled southern rain hill (RHS) watersheds were not consistently steeper than the 

rain hills and mountains of the north (RHN, RMN), yet stream DOC concentrations were 

low (Figure A.9), suggesting the southern climate limited DOC concentrations in 

streams. 

Regional-scale importance of contrasting watershed types 

Summed over the regional scale, watershed types had different total areal 

extents, total magnitude of water inputs, and total glacier cover. We found that the 10 

continental watersheds dominated the total regional area (78% of area), yet captured 

only 53% of total precipitation due to lower rates of precipitation per unit area (Table 

2.3). By contrast, the SCR watersheds were disproportionately effective at capturing 

precipitation (47% of regional total), snow (40%), and glacial cover (65%), despite 

occupying only 22% of the regional area. 
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Table 2.3. Importance of each watershed type in terms of proportion of total regional area, precipitation (rain and snow), 
precipitation as snow (in snow water equivalent), and glacial ice cover. 

Watershed 
Type 

Area Precipitation Precipitation as snow Glacial ice 

  Area (km2) % of region 
Volume 
(km3) 

% of region 
Volume 
(km3) 

% of region Area (km2) % of region 

GMH 15,738 1.1 70.2 3.8 44.4 7.2 10,068.7 30.7 
GMM 58,189 4.0 158.5 8.5 83.3 13.5 9,457.2 28.8 
SMX 10,703 0.7 44.0 2.4 13.3 2.2 184.7 0.6 
SMN 18,329 1.3 81.5 4.4 21.1 3.4 41.4 0.1 
SMC 68,958 4.8 154.7 8.3 45.9 7.4 1,630.0 5.0 
RMN 25,691 1.8 81.3 4.4 14.8 2.4 1.5 < 0.1 
RHN 16,463 1.1 45.8 2.4 4.8 0.8 0.0 0.0 
RLN 6,403 0.4 14.3 0.8 0.9 0.2 0.0 0.0 
RMC 24,957 1.7 91.9 4.9 10.0 1.6 34.8 0.1 
RHC 35,547 2.5 79.6 4.3 5.0 0.8 0.0 0.0 
RLC 10,072 0.7 13.9 0.7 0.4 0.1 0.0 0.0 
RHS 26,717 1.9 48.9 2.6 0.8 0.1 0.0 0.0 
SC 1,049,604 72.7 892.8 47.8 365.3 59.2 11,421.2 34.8 
RC 75,690 5.2 90.6 4.9 6.9 1.1 2.3 < 0.1 
Coastal total 317,768 22 884 47 245 40 21,418 65.2 
Regional total 1,443,062 100 1,868 100 617 100 32,842 100.0 
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Three of the SCR watershed types stood out for making an individually large 

contribution to total regional precipitation-capture and ice-storage. The GMM and SMC 

watershed types captured the greatest percentages of total regional precipitation volume 

(8.5% and 8.3%, respectively) and total precipitation as snow (13.5% and 7.4%), among 

SCR watersheds. The GMH and GMM watershed types each held more than a quarter 

of regional ice cover (30.7% and 28.8%), while the SMC type held another 5.0% (Table 

2.3). Individual rain types ranked low in terms of regional importance, because of a more 

finely divided classification, yet the seven coastal rain types when combined captured 

more of the total regional area (10.1%) and precipitation (20.1%) than either the 

combined glacierized types (5.1% of area and 12.2% of precipitation) or the combined 

snow types (6.8% of area and 15.0% of precipitation). 
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Figure 2.7. Conceptual model of 14 watershed types draining to the NPCTR 
margin, with illustrations of typical streamflow regimes and DOC 
seasonality.  

Note: Within each type, graphical elements indicate the relative ranking of the watershed type in 
terms of topography (mountains, hills, lowlands), snow inputs, glacier cover, evapotranspiration 
(small upwards blue arrows), and total precipitation (small blue slashes). Corresponding text 
fields describe key watershed characteristics and provide a classification of MAR, streamflow 
patterns, mean DOC concentration, and dominant patterns of [DOC] seasonality. Each of the 
watershed types has a distinct combination of these hydro-biogeochemical categories, providing 
a simple conceptual model for characterizing and mapping the region. For example, SMX 
watersheds typically have a pluvial dominant hybrid streamflow regime that is low in winter (“low 
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winter”) whereas SMN watersheds typically have a pluvial dominant hybrid regime distinguished 
by higher flows in winter (“high winter”). * indicates where data were unavailable, yet the hydro-
biogeochemical regime was inferred from watershed characteristics. MAR grouping thresholds: 
low, < 1,000 mm; moderate, 1,000-2,000 mm; high, 2,000-3,000 mm; very high, > 3,000 mm. 
DOC grouping thresholds: low, < 2.5 mg L-1, moderate, 3-4 mg L-1, high > 4 mg L-1. 
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Discussion 

A conceptual model of hydro-biogeochemical watershed 
types 

In this study, we found that the statistical clustering of watersheds into coherent 

watershed types provided an effective framework for describing the complex spatial 

gradients of catchment characteristics, streamflow regimes, and DOC concentrations 

across SCR watersheds of the NPCTR margin. Based on these findings, we developed 

a conceptual model of the 14 watershed types and their distinguishing characteristics 

(Figure 2.7). The mechanistically supported links between watershed type and river 

hydro-biogeochemistry (Figure 2.7) allow us to extrapolate broad spatial patterns (Figure 

2.3) of typical river conditions across the extensive ungauged and unsampled areas in 

this region, while recognizing that individual watersheds will vary from these typical 

conditions at a local scale. Similar approaches may be informative in other complex 

regions globally, particularly those with sparse field observations. 

Dominant streamflow patterns and hydro-biogeochemistry 

A map of typical streamflow seasonality should serve as a solid foundation for 

thinking about hydrologic controls on biogeochemical cycling across a region. Our 

findings corroborate previous characterizations of streamflow patterns at the land-sea 

interface in the NPCTR and allow for the first regionally unified synthesis. Glacial and 

glacier supported regimes (Figure 2.7) are limited to high mountain watersheds in 

Southeast AK and BC (Figure 2.3), while a topographically controlled mix of pluvial and 

rain-snow hybrid regimes dominate the rest of the SCR watersheds of Southeast AK 

(Curran & Biles, 2020; Edwards et al., 2013; O’Neel et al., 2015; Sergeant et al., 2020), 

BC (Bidlack et al., 2021; Eaton & Moore, 2010; Trubilowicz et al., 2013; Wade et al., 

2001), and WA from Puget Sound northward (Fleming et al., 2007; Reidy Liermann et 

al., 2012; Sanborn & Bledsoe, 2006). Pluvial-dominated hydrographs are nearly 

ubiquitous among SCRs south of Puget Sound WA (Bidlack et al., 2021; Lane et al., 

2018; Reidy Liermann et al., 2012; Sanborn & Bledsoe, 2006), with a distinct “dry 

season” in CA (McManamay et al., 2014; Roden, 1967). By contrast, the comparatively 

‘pure’ nival regimes (Figure 2.7) are limited to the few large continental rivers that 
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penetrate the coastal mountains from colder climates; e.g., Skeena R. (Morrison et al., 

2012) and Fraser R. (Fleming et al., 2007) (Figure 2.3). Importantly, these long-term 

average streamflow regime descriptions do not account for interannual climatic 

variations such as La Niña years, which can introduce a small snowmelt freshet to 

otherwise pluvial watersheds including our RHC type (Fleming et al., 2007). 

Our study builds on previous work by highlighting the diversity of glacial, pluvial, 

and hybrid streamflow regime types along this broad coastline, which may have 

ecosystem-level implications. Glacial types vary from a highly glacial-dominated regime 

(GMH) (e.g., Sergeant et al., 2020) to a glacier supported nival regime (GMM), while a 

three-way hybrid regime (nival-glacial-pluvial; Eaton & Moore, 2010; Trubilowicz et al., 

2013) is found in a subset of GMM watersheds (Giesbrecht et al., 2022). Across these 

systems, the relative contribution of icemelt, snowmelt, and rainwater sources is 

expected to correspond with contrasting organic matter sources in streams (Hood et al., 

2009; Fellman et al., 2014) and to impact the timing and quality of carbon subsidies to 

the coastal ocean (Arimitsu et al., 2018; St. Pierre et al., 2020). Among the non-

glacierized watershed types, low-flow duration, magnitude, and timing varies 

dramatically across the region (Figure 2.7), which may have a number of implications for 

aquatic ecosystems, including shifts between allochthonous and autochthonous 

dominated energy sources (Rolls et al., 2012) and the survival of anadromous fish (Atlas 

et al., 2020; Obedzinski et al., 2018; Sergeant et al., 2017).  

Rainforest runoff to the ocean in global context 

Earth’s coastal temperate rainforest margins are thought to play an important role 

in linking the biogeochemical cycles of terrestrial and marine systems due to high yields 

of freshwater (Bidlack et al., 2021). In the global context, all but one of the NPCTR 

coastal watershed types are (on average) considered wet rivers (> 750 mm yr-1) – the 

wettest of a four-category classification by Milliman and Farnsworth (2011). Even the two 

continental watershed types and the coastal rainshadow type (RLC) rank as humid rivers 

(250-750 mm yr-1) – the second wettest group of rivers globally. Other regions with a 

high proportion of wet coastal rivers include temperate mountains of Chile and New 

Zealand, and tropical mountains of Central America, the Amazon basin, Asia and 

Oceania (Milliman & Farnsworth, 2011). A number of studies have reported particularly 

high runoff rates in the SCR zone of southeast Alaska (e.g., Beamer et al., 2017; 
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Edwards et al., 2020; Neal et al., 2010; Wang et al., 2004) and BC (Morrison et al., 

2012), which is driven by combinations of high precipitation inputs, low 

evapotranspiration (Wang et al., 2016), and high rates of glacial mass loss (Beamer et 

al., 2017; Clarke et al., 2015). By contrast, the drier and ice-free coastal watersheds of 

Oregon and California have much lower runoff (Figure 2.5a). Our results highlight the 

degree of local-scale and regional-scale spatial variability in MAR within the NPCTR 

region, which is mechanistically linked to watershed characteristics and broadly 

represented by our classification system (Figure 2.7). 

Freshwater DOC hot spots and hot moments 

In our conceptual model (Figure 2.7), each of the watershed types has an 

associated (in some cases unique) combination of mean DOC concentration and DOC 

seasonality. For example, RMN and RHN have high mean DOC and a summer-fall 

flushing regime, while GMH and GMM have low DOC and a summer diluting regime. 

These hydro-biogeochemical associations suggest that our classification of watershed 

types (Figure 2.3) can be used to map DOC patterns (Figure 2.7) across this large, 

hydrologically diverse region. Regional maps of biogeochemical hot spots and hot 

moments (McClain et al., 2003) can potentially be applied in research (e.g., cross-

ecosystem resource subsidies; Bidlack et al., 2021) and environmental management 

(e.g., greenhouse gas emissions, downstream hypoxia, drinking water treatment, and 

pollutant transport; McClain et al., 2003).  

Maps of field-validated watershed types can be used to infer regional controls on 

the distribution of DOC hotspots and coldspots. The hotspot watershed types (RHN, 

RLN, and RMN) of the NPCTR margin are found where comparably low topographic 

relief coincides with a hypermaritime climate (high precipitation, relatively low 

evapotranspiration, and ocean-moderated temperatures), promoting accumulation of soil 

organic matter (Banner et al., 1983; McNicol et al., 2019) and DOC export from both 

wetland and hillslope sites (Banner et al., 2005; D’Amore et al., 2016; Fellman et al., 

2009; Gibson et al., 2000; Oliver et al., 2017). By contrast, DOC coldspots are 

associated with a broad range of source-limiting factors, including extensive glacial ice 

and steep mountainous terrain with low soil organic carbon (SOC; e.g., Hood & Berner, 

2009), continental climates, large catchments, or warm coastal climates with high 

evapotranspiration (e.g., Butman et al., 2016). Understanding the impact of climate 
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change on DOC export will be challenging without knowledge of such catchment-specific 

controlling mechanisms. 

Mapping hydro-biogeochemical watershed types also helps to reveal the spatial 

extent of different climatic and hydrological controls on DOC concentration dynamics. 

Some degree of fall-flushing of DOC from vegetation and soils by rain appears to occur 

across the majority of this region, from small bog-forest and glacierized catchments of 

southeast Alaska (Fellman et al., 2014), to the large continental Fraser River (Voss et 

al., 2015), to warmer catchments of Oregon (Hood et al., 2006) and California (Oliver et 

al., 2016). In the DOC concentration hotspots of the perhumid rainforest (i.e., RHN and 

RMN), DOC tends to increase earlier (in summer), which has been linked to rain 

occurring after a period of warm dry weather (see also D’Amore et al., 2015; Fellman et 

al., 2014; Oliver et al., 2017; St. Pierre et al., 2020). While rain-induced flushing 

processes are dominant in non-glacierized SCR watersheds, glacierized watershed 

types are characterized by strong declines in DOC concentration during the summer 

months when specific discharge is high – a meltwater dilution process previously 

observed in northern southeast Alaska (Fellman et al., 2014; Hood & Berner, 2009) and 

now as far south as Bute Inlet on the BC coast. Spring-flushing of DOC to rivers can 

occur when the initial snowmelt creates shallower flowpaths and greater hydrologic 

connectivity to source pools during early freshet (e.g., Fraser River; Voss et al., 2015). In 

our assessment of the NPCTR coastline, this process was only clearly dominant in the 

SC watershed type (Figure 2.7), with a subtler influence in glacierized watersheds, 

indicating that rain – in combination with seasonal temperature – exerts the dominant 

control on DOC flushing in the non-glacierized watersheds of the SCR zone (Figure 2.7). 

This regional synthesis of spatial controls on DOC patterns should be considered 

a first approximation that requires further refinement with better observational data 

coverage in both spatial and temporal dimensions. Field observations remain sparse in 

the hotspot watershed types of BC and AK (Figure A.7), which span a range of 

watershed properties (Figure 2.5b). High frequency measurements in key watershed 

types could better resolve rapid DOC dynamics during early freshet (Voss et al., 2015) 

as well as summer and fall rain events (Fellman et al, 2009). Direct assessment of 

concentration-discharge relationships across the diverse watershed types of this region 

could help tease apart the relative contributions of flow, temperature, and meltwater 

timing to DOC dynamics more generally (e.g., Gómez-Gener et al., 2021; Winterdahl et 
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al., 2014; Zarnetske et al., 2018). Furthermore, data from this region could be used to 

determine if DOC export is source limited across the extensive glacierized watershed 

types (e.g., Hood et al., 2020) in contrast to the more general pattern of transport limited 

DOC export from non-glacierized watershed types (Hood et al., 2020; Zarnetske et al., 

2018). 

Implications for understanding the impacts of climate 
change  

Climate change is likely altering the spatial mosaic of watershed types and the 

corresponding hydro-biogeochemical regimes of rivers in this region. The general 

direction of change can be hypothesized by making space-for-time substitutions in 

Figure 2.2 (supported by Figure 2.5b and Figure A.3), with limitations. In our ordination 

biplot, there is a strong spatial gradient from cold watersheds in the right / lower-right to 

warm watersheds in the left / upper-left. Consequently, we predict a temporal shift along 

this thermal gradient as the climate changes to higher MAT and Eref and lower PAS 

(Wang et al., 2016) and glacier cover (Clarke et al., 2015). Based on this, we 

hypothesize that the extensive snow mountain watersheds (97,990 km2) will develop 

streamflow and DOC regimes more like current rain mountain watersheds with similar 

topography (see Figure 2.7). Similarly, glacierized mountain watersheds are likely to 

become more like current snow mountain watersheds of similar size and topography. 

e.g., higher winter flows, lower summer flows, and less dilution of DOC during the 

summer. This could cause a shift from source limited to transport limited DOC flux (Hood 

et al., 2020) over the large area of moderately and heavily glacierized watersheds 

(73,927 km2). These hydro-biogeochemical changes can be expected to lag behind 

climate change due to the time needed for glacial mass loss and the development of soil 

and forest biomass. Furthermore, long-term watershed adjustments may be complicated 

by anthropogenic disturbance (e.g., Wolf et al., 1995) and by legacy glacial sediments 

that influence river biogeochemistry (Anderson, 2000; Church & Slaymaker, 1989). 

The future of rain watershed types is more difficult to predict with a space-for-

time substitution. We expect the MAT and Eref of northern rain watersheds to increase 

(Wang et al., 2016) and become more like the central rain watersheds (i.e., a shift to the 

upper left in Figure 2.2), leading to reduced snowmelt influence on streamflow, for 

example (Bidlack et al., 2021). However, climate change may also increase MAP over 
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time within the northern and central part of this region (Shanley et al., 2015; Wang et al., 

2016). As a result, the (already drier) RHC and RLC watersheds are not good 

substitutes for the future annual discharge of the (already wetter) RHN and RLN 

watersheds. Changing seasonality of rainfall (e.g., less in summer and more in fall; 

Schnorbus et al., 2014) and increasing frequency of extreme atmospheric river events 

(Radić et al., 2015) must also be considered, in a spatially explicit framework. Future 

DOC regimes may also depend on the uncertain fate of existing SOC stocks (Fellman et 

al., 2017), which are currently higher in the northern rain watersheds than in the warmer 

central group (McNicol et al., 2019). Finally, watersheds at the southern margin (RHS) 

have no spatial analogue in our study area because they already occupy the thermal 

extreme of this region. 

A quantitative analysis of projected watershed climates and river hydro-

biogeochemistry is clearly warranted, with consideration of both long-term averages and 

extreme events. In such an analysis, we might expect the emergence of no-analogue 

hydro-biogeochemical watershed types owing to novel combinations of climate, glaciers, 

and topography, warmer temperatures than historically observed for any watersheds in 

the region, legacy sediments and soil carbon, time lags in ecosystem development, and 

human alteration of watersheds. In the meantime, our spatially explicit classification map 

can be used – in combination with existing projections and process knowledge – to 

hypothesize how climate change will continue to play out across the mosaic of 

watershed types in this region, with implications for both runoff (Beamer et al., 2017; 

Bidlack et al., 2021; Crumley et al., 2019; Curry et al., 2019; Liermann et al., 2012; Littell 

et al., 2018; Moore, 2006; Moore et al., 2009; Radić et al., 2015; Rolls et al., 2012; 

Schnorbus et al., 2014; Shanley et al., 2015; Stahl & Reidy) and organic carbon (Bidlack 

et al., 2021; Edwards et al., 2013; Fellman et al., 2017; Hood et al., 2020; Hood & 

Berner, 2009; Milner et al., 2017). 

Hydro-biogeochemical mapping and modelling in poorly 
sampled regions 

Watershed classification maps have many potential applications for 

understanding biogeochemical patterns and processes at local, regional, and global 

scales. While we used DOC for our case study, we hypothesize that other 

biogeochemical components and properties may also vary with watershed types defined 
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by climate, glaciers, topography, and vegetation. In particular, dissolved organic nitrogen 

and iron are transported in association with DOC in DOM (Kritzberg et al., 2014; Schroth 

et al., 2011; St. Pierre et al., 2021; Sugai & Burrell, 1984) and should also vary with 

these watershed types. Stream temperature is strongly influenced by climate, 

topography, and glacier cover and further modified by residence time (Fellman et al., 

2014; Hood & Berner, 2009; Winfree et al., 2018) and riparian vegetation. Glacierized 

watershed types are likely to have distinct biogeochemical signatures because glacial 

activity accelerates physical and chemical weathering of rock, potentially enhancing the 

supply of total suspended sediments (TSS), phosphorous (P) (Hodson et al., 2004; Hood 

& Berner, 2009), petrogenic particulate organic carbon (Hood et al., 2020), and 

dissolved inorganic carbon (DIC) (Tank et al., 2012). These watershed types may also 

reflect the effect of topographic relief on landscape denudation rates and thus river 

sediment loads (Milliman & Syvitski, 1992). 

Topo-climatic focused watershed types would not be expected to represent the 

effect of lithology (e.g., carbonate vs. acid plutonic rock) on the supply of constituents 

such as dissolved silica (e.g., Jansen et al., 2010), calcium (e.g., Mosher et al., 2010), or 

DIC (Tank et al., 2012). However, they should capture the broad effect of climate on 

chemical weathering rates (Phillips & Cowling, 2019; Schlesinger, 1997) and the effect 

of runoff on flowpath and dilution (Schlesinger, 1997). Importantly, agricultural, urban, 

and atmospheric pollution were not considered here and could be key determinants of 

constituents such as nitrogen (Bouwman et al., 2009; Mayorga et al., 2010), particularly 

in the southern and central NPCTR where watersheds have more human population, 

industry, and agriculture (Wolf et al., 1995). Human-alteration of watersheds may also 

play a changing role in determining spatial patterns of streamflow and DOC dynamics 

(e.g., Lajtha & Jones, 2018). More broadly, a range of other watershed characteristics 

and associated processes (e.g., cycling in lakes and stream networks, forest 

management, and forest fire) may be important for understanding biogeochemical 

cycling of carbon and other elements. 

We can imagine many extensions – or alternatives – to this classification. Any 

classification is sensitive to the defining goals, variables, analytical methods, and other 

procedural decisions (Figure 2.1) (e.g., Melles et al., 2014; Olden et al., 2012; Soranno 

et al., 2010). For example, streamflow regimes alone might be mapped more precisely 

by training predictive models to estimate catchment-level hydrographs as a function of 
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individual watershed characteristics (e.g., Trubilowicz et al., 2013). Inter-annual 

variability in stream hydro-biogeochemical regimes could be characterized and related to 

climatic variation for each watershed type (e.g., Eaton & Moore, 2010; Fleming et al., 

2007). Future work could also attempt to subdivide our (or other) watershed types based 

on additional controlling factors such as geology, lakes, water regulation, urbanization, 

or land management (see nested hierarchical approaches such as the REC system; 

Snelder & Biggs, 2002). This should lead to watershed types with less internal variation 

in stream hydro-biogeochemistry. However, further splitting would also lead to fewer 

independent validation sites per watershed type and may contribute to the problem of 

unvalidated classification systems (Melles et al., 2014). Where data are available, 

watershed classification offers a potentially powerful tool to stratify complex regions and 

evaluate specific hypotheses about anthropogenic effects within types (e.g., Snelder & 

Biggs, 2002). 
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Conclusion 

To our knowledge, this is the first study to assess streamflow regimes with an 

exhaustive empirical dataset spanning the full NPCTR margin and the first to validate a 

regional watershed classification with field observations of both streamflow and carbon 

dynamics. The resulting map of hydro-biogeochemical watershed types may serve as a 

spatially explicit framework for thinking about fluvial connections across the land-sea 

interface. These diverse sources of freshwater runoff are thought to merge and form an 

oceanographically distinct zone known as the Riverine Coastal Domain (Carmack et al., 

2015). The dramatic spatial heterogeneity of discharge and DOC timing and magnitude 

may have implications for the seasonality of coastal ocean processes and nearshore 

ecosystems. This is consistent with the idea that small but numerically abundant SCR 

watersheds (or ‘small mountainous rivers’) make distinct and important line-source 

contributions to land-sea connectivity globally (Goñi et al., 2013; Lyons et al., 2002; 

Milliman & Syvitski, 1992; Royer, 1982; Wheatcroft et al., 2010). Climate change is 

acting rapidly in this region, with consequences that vary by watershed type, potentially 

creating no-analogue conditions along the land-ocean aquatic continuum. A key 

challenge for coastal margin scientists and managers is to understand how these 

interacting and changing spatial gradients in the freshwater realm shape the seasonal 

cycles, physical structure, and carbon dynamics of the coastal ocean now and in the 

future. 

While watershed classification methods are diverse and well developed in 

hydrology (e.g., Olden et al., 2012), comparatively little has previously been done to 

integrate both streamflow and biogeochemistry in regional watershed classification. A 

wide range of classification approaches could be explored and broad frameworks have 

emerged in the context of conservation planning and ecosystem management (Melles et 

al., 2014; Ouellet Dallaire et al., 2019; Snelder & Biggs, 2002; Soranno et al., 2010; 

Wolock et al, 2004). An advantage of the approach developed here is that the 

classification itself was based on globally available geospatial data products and was 

subsequently validated with available field observations from a wide range of watershed 

types. This approach may be applicable in other data poor and transboundary regions. 

However, a shortage of spatially and temporally representative field data may be the key 

constraint on hydro-biogeochemical classification and spatial modelling (see also Li et 
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al., 2020). Substantial funding and international coordination efforts are needed to collect 

(McClelland et al., 2015) and synthesize (Bidlack et al., 2017) long-term and consistent 

river observations across national borders. Watershed-based classification can inform 

the design of optimized river observation networks (Wolock et al., 2004). Watershed-

informed observation networks may, in turn, prove useful for ecosystem-based 

management and conservation planning, because watersheds “represent, without 

having to undertake a significant data gathering and planning exercise, a ‘complete’ 

sample of ecosystems and communities from headwaters to tidewater” (Lertzman & 

MacKinnon, 2013, p. 224). Furthermore, we suggest that watershed classification could 

be used to stratify the spatial heterogeneity that currently hinders development of 

integrated hydro-biogeochemical theories (Li et al., 2020). Given the breadth of potential 

applications, we encourage further development of representative datasets and 

methodological frameworks for hydro-biogeochemical watershed classification. 
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Abstract 

Small coastal watersheds play a disproportionately large role in linking land and 

sea, yet the spatial heterogeneity and functional diversity of small watershed 

ecosystems is poorly understood. In this study, we used a combination of watershed 

characterization and stream outlet water sampling to examine spatial controls on 22 

descriptors of freshwater quality (e.g., solute concentrations, temperature, and turbidity) 

across the spatially complex and poorly sampled rainforest fjordlands of British 

Columbia, Canada. Samples were collected about once per month for a year from the 

coastal outlets of 56 watersheds spanning from high mountains with icefields to low 

islands with extensive wetlands. We found that 20 descriptors of riverine water quality 

varied significantly across six previously-established watershed types. Watershed type 

alone explained 67% of the spatial variance in the first principal component of water 

quality. This reflected a spatial gradient of watershed ecosystems from rain-driven 

lowlands with concentrated organic matter to glacierized mountains with cold, turbid 

waters and elevated inorganic nutrients. We discuss how a combination of watershed 

topography, climate, glaciers, vegetation, disturbance, and lithology likely contributed to 

the spatial pattern of riverine water quality. We conclude that small coastal watershed 

ecosystems express a high degree of spatial heterogeneity across inlet-to-island 

gradients. Furthermore, watershed classification is a useful tool for understanding and 

modelling the general patterns of these complex spatial controls. These two conclusions 

have several implications for the stewardship and study of complex land-sea systems. In 

stewardship contexts, watershed-ecosystem classification could be used to design 

representative observation networks in an era of environmental change. From a 

theoretical perspective, we hypothesize that inlet-to-island physiographic complexes 

function as meta-ecosystems whose spatial flows depend in part on the mosaic of 

contrasting watershed ecosystems. The glacierized watersheds are spatially dominant, 

suggesting that rapid glacial retreat will have major implications for future ecosystem 

structure and function at multiple levels of spatial organization, from icefield to ocean. 
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Introduction 

Small coastal mountain watersheds (< 10,000 km2) play a disproportionately 

large role in the export of terrestrial materials to the ocean (Lyons et al., 2002; Milliman 

& Farnsworth, 2011; Milliman & Syvitski, 1992; Warrick & Fong, 2004). However, small 

coastal watershed ecosystems, more generally, are highly diverse and understudied in 

the scientific literature. This hinders our ability to understand how and why freshwater 

ecosystems and the land-ocean aquatic continuum (Xenopoulos et al., 2017) vary 

among drainages. Measurements of riverine water quality – which we use as an 

umbrella term for physical and biogeochemical parameters of aquatic ecosystems – tend 

to be sparse and unevenly distributed across the diversity of small coastal watersheds 

(e.g., Milliman & Farnsworth, 2011). Furthermore, many studies of small coastal 

watersheds report only one or a few aspects of riverine water quality, limiting our 

opportunities to understand the watershed ecosystem (Bormann & Likens, 1967) as an 

“integrator of… structural and functional complexity…” (Likens, 2001, p. 6). 

Illustrating all of these problems, the extensive fjordlands of the world (Bianchi et 

al., 2020) are often characterized by strong spatial gradients from mountainous inlets to 

islands of comparatively low elevation. In rainforest regions such as the Northeast 

Pacific Coastal Temperate Rainforest (NPCTR; Bidlack et al., 2021; Giesbrecht et al., 

2022; O’Neel et al., 2015) and Chilean Patagonia (Vargas et al., 2011), these inlet-to-

island systems have very diverse watershed characteristics ranging from glacierized 

mountains to low-lying peatlands. However, published observations of riverine water 

quality in these settings are sparse and typically limited in scope. In the small 

watersheds of the NPCTR, for example, terrestrial organic carbon has been studied 

intensively in a few places, while nitrogen, phosphorous, iron, and other micronutrients 

remain understudied (Bidlack et al., 2021). 

Spatial variation in riverine water quality is important for several reasons. 

Riverine water quality affects freshwater ecosystem functions, including heterotrophic 

respiration (Wiegner et al., 2015), primary production (Karlsson et al., 2009; Milner et al., 

2017), food web structure (Brahney et al., 2021; Fellman et al., 2015), and fish growth 

(Bellmore et al., 2022) and survival (Atlas et al., 2021). The quality of freshwater exports 

also affects nearshore marine ecosystems in terms of biogeochemical and physical 
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conditions (Aufdenkampe et al., 2011; Xenopoulos et al., 2017), food web structure and 

production (e.g., Arimitsu et al., 2018; Beaudreau et al., 2022; Bianchi et al., 2020; Guo 

et al., 2022; St. Pierre et al., 2020) and the fate of terrestrial carbon (Bauer et al., 2013; 

Lalonde et al., 2012; Zhao et al., 2018). 

Spatial variation in riverine water quality also affects how accurately we can 

predict the magnitude of terrestrial exports to the coastal ocean (e.g., Bauer et al., 2013; 

D’Amore et al., 2016; Edwards et al., 2021), with implications for national and global 

carbon budgets (Butman et al., 2016; Regnier et al., 2022). Predictive spatial models 

can be used to identify potential biogeochemical hotspots (McClain et al., 2003) or 

control points (Bernhardt et al., 2017): patches that have a disproportionate effect on 

ecosystem processes at the land-sea interface. Additionally, spatial variation in riverine 

water quality can be used to better understand the processes that control losses from 

the watershed ecosystem (e.g., Borman & Likens, 1967; Stewart et al., 2021). 

Across forested watersheds, topography, climate, vegetation, soils, and geology 

are among the main controls on spatial variations in riverine water quality (e.g., Bormann 

& Likens, 1967; Gibbs, 1970; Mendoza-Lera et al., 2021; Lintern et al., 2018; Tank et al., 

2012a). This reflects the dependence of water quality on the structure, composition, and 

processes of Earth’s critical zone – the vertical zone from vegetation canopy to 

permeable bedrock – including the hydrologic flowpaths, reactivities, conductivities, and 

residence times within that zone (Anderson et al., 2007; Chorover et al., 2017; Richter & 

Billings, 2015). For example, watershed relief is often found to be a major control on the 

biogeochemistry of freshwater ecosystems (e.g., Mulholland, 2003; Sobek et al., 2007), 

but not always (e.g., Gaillardet et al., 1999). Watershed climate is also a control on both 

catchment hydrology (e.g., Eaton & Moore, 2010; Curran & Biles, 2021) and stream 

biogeochemistry (Aitkenhead-Peterson et al., 2005; Lintern et al., 2018; Milliman & 

Farnsworth, 2011; White et al., 1999). For example, regional gradients in air temperature 

and snowpack duration can lead to different rates of dissolved organic carbon 

mobilization in the soils of snowy watersheds (e.g., Bowering et al., 2022). Topography 

and climate together exert strong controls on organic matter accumulation in NPCTR 

soils (McNicol et al., 2019) and the depth of water flowpaths, which in turn alter several 

belowground processes and stream biogeochemistry (Anderson & Dietrich, 2001; Bailey 

et al., 2019; Emili & Price, 2013; McDowell & Wood, 1984; Oliver et al., 2017; Perakis & 

Hedin, 2007). 
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Glaciers also exert strong controls on many aspects of riverine water quality and 

ecosystem linkages from icefields to ocean (O’Neel et al., 2015). A combination of 

physical grinding and chemical weathering processes release rock-derived particles and 

ions from active (Raiswell, 1984), proglacial, and distal zones of glacial landscapes 

(Anderson, 2007; Sharp et al., 1995; Tranter & Wadham, 2014). Seasonal melting of 

glacial ice and snow discharges large quantities of water (Hood & Berner, 2009; O’Neel 

et al., 2015), imparting strong seasonality on weathering and transport processes 

(Hodgkins et al., 1997). Organic matter tends to be very dilute in glacial rivers compared 

to the streams of forested watersheds, despite the presence of active glacial ecosystems 

(Hodson et al., 2008; Ren et al., 2019). 

As a result of these glacial processes, spatial gradients of increasing watershed 

glacier cover are associated with predictable spatial gradients in many aspects of 

riverine water quality, including organic matter, certain inorganic nutrients, rock 

weathering products, temperature, and turbidity (Brahney et al., 2021; Fellman et al., 

2014a; Fellman et al., 2014b; Hood & Berner, 2009; Milner et al., 2017). For instance, 

particulate and soluble reactive phosphorous (SRP) concentrations tend to increase with 

watershed glacier cover (Brahney et al., 2021; Hood & Berner, 2009). However, other 

glacier effects are not consistent across all studies. For example, dissolved inorganic 

nitrogen (DIN) concentrations can either decrease (Hood & Berner, 2009; Milner et al., 

2017) or increase with glacier cover (Colombo et al., 2019; Slemmons et al., 2013; 

Warner et al., 2017). Furthermore, very little has been done to test these ideas in the 

glacierized fjords of central and south-central British Columbia. It is important to 

understand glacier controls because rapid retreat and deglaciation (Clarke et al., 2015) 

is expected to dramatically alter the spatial organization of riverine ecosystems and 

exports (Milner et al., 2017; O’Neel et al., 2015; Ren et al., 2019). 

In this study, we examined the spatial heterogeneity of small coastal watershed 

ecosystems across two inlet-to-island systems of the NPCTR region, considering a 

broad range of (22) riverine water quality parameters. Conceptually, we hypothesized 

that physiographic complexity would generate spatial heterogeneity of both watershed 

and water quality characteristics, spanning a large enough range to have potentially 

important ecological effects across the land-ocean aquatic continuum. Furthermore, we 

hypothesized that an earlier regional watershed classification (Giesbrecht et al., 2022; 

Chapter 2) would represent a meaningful amount of the spatial variation in broad 
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aspects of riverine water quality across this complex but poorly sampled region. 

Improved spatial models of riverine water quality across inlet-to-island complexes could 

help guide watershed stewardship – including monitoring and adaptive management – in 

an era of climate change and cumulative effects (e.g., Orwin et al., 2022; Snelder & 

Hughey, 2005; Wolock et al., 2004). 
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Methods 

Study area and sampling design 

We studied 56 watersheds spanning diverse environmental settings from 

icefields to islands (Figure 3.1). The study watersheds were spatially distributed along 

two inlet-to-island transects on the south-central coast of British Columbia, Canada 

(51°57' N to 50°07' N and 128°09' W to 123°44' W). Located at the northern end of the 

study area, the Rivers Inlet transect (n = 31 watersheds) spans from Calvert Island in the 

west to the Wannock watershed at the head of Rivers Inlet. At the southern end of the 

study area, the Bute Inlet transect (n = 25 watersheds) spans from Quadra Island in the 

southwest to the Homathko watershed at the head of Bute Inlet. The sampled 

watersheds range in size from < 1.5 km2 to 5,782 km2 (Homathko River), yet in the 

regional and global context, all are considered “small” coastal watersheds (< 10,000 km2 

following Milliman & Syvitski, 1992). 
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Figure 3.1. Watersheds of the study area (a and b), in the context of regional 
scale spatial gradients of watershed diversity (c). 

Note: Black boxes in (c) indicate the locations of the fjord-scale maps in the region. Black dots in 
(a) and (b) indicate the locations of 56 river outlets where we collected water quality 
measurements for this study. Watershed colour indicates watershed type, as defined in the 
legend for (c). Fjord scale watershed types in (a) and (b) were predicted using random forest 
modelling in this study, with a random forest out-of-bag (OOB) error rate of 9.27%. Note that the 
largest watersheds extend beyond the inset panels in (a) and (b). The regional map (c) and the 
names of watershed types are from Giesbrecht et al. (2022; Chapter 2). 

The study transects are similar in lithology to the rest of the mainland coast of BC 

and the Coast Mountains along the border of Southeast Alaska and British Columbia 

(Figure B.1). This area (known as the Coast Plutonic Complex) is predominantly plutonic 

and metamorphic rock, with only small pockets of sedimentary and volcanic rock (Table 
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B.1, Figure B.1; Garrity & Soller, 2009; Hartmann & Moosdorf, 2012; Stowell, 2006). This 

contrasts with the rest of the NPCTR, where sedimentary or volcanic rocks are dominant 

(e.g., Vancouver Island and the island archipelago of Southeast Alaska). Substantial 

deposits of Quaternary sediment occur in valley bottoms of the larger watersheds and 

some low-elevation areas along the outer coast (Cui et al., 2017). 

The study area has a rainforest climate with large amounts of orographic 

precipitation produced as moist Pacific air masses move onto the continent (Demarchi, 

2011; Meidinger & Pojar, 1991). Precipitation is highest during fall and winter months 

when storms are frequent (Meidinger & Pojar, 1991; Sharma & Déry, 2020; Spry et al., 

2014). The ocean moderates air temperatures, yet this effect decreases at higher 

elevations and further inland from the coast (Giesbrecht et al., 2021a). A rainshadow 

occurs in the lee of the Vancouver Island mountains (Demarchi, 2011), with the greatest 

effect in the southwestern part of our study area (the Discovery Islands) where 

precipitation is lower and summers are warmer (Wang et al., 2016). 

The Coast Mountains in and around this study area host North America’s largest 

glaciers south of Alaska (e.g., Ha-Iltzuk Icefield and Homathko Icefield). Both transects 

include several large valley glaciers and many alpine glaciers. Consequently, the fjords 

are dominated by glacierized watersheds with glacier supported nival streamflow 

regimes (Giesbrecht et al., 2022). At the other extreme, the small outer-coast 

watersheds receive rain-dominated precipitation, producing pluvial streamflow regimes 

with at most a subtle snowmelt signal in spring. In between these two extremes, fjord 

watersheds with sufficient elevation receive enough winter snow to produce a pluvial 

dominant hybrid streamflow regime characterized by both a snowmelt freshet and a 

(larger) fall/winter runoff peak. 

Podzolic soils are widespread, with high organic matter content and low pH 

(Sanborn et al., 2011). Depressional wetlands and some forested wetlands have deep 

peat accumulations (Banner et al., 2005; Oliver et al., 2017). The overall soil landscape 

mosaic thus has high soil organic carbon stocks in the global context (McNicol et al., 

2019). Despite this, exposed bedrock is common in the alpine, very steep terrain, 

recently deglaciated areas, and within the bog-forest mosaic of the outer coast. Exposed 

sediment is common in recently deglaciated areas and in alluvial systems downstream 

of glaciers. 
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Terrestrial vegetation varies dramatically across the study area. The 

hypermaritime outer coast (e.g., Calvert Island; Figure 3.1) is characterized by extensive 

open wetlands and low productivity bog forests (Banner et al. 2005; Thompson et al., 

2016). Terrestrial productivity is much higher in the Discovery Islands and at low 

elevations of the mainland coast, while slow growing forests and alpine meadows are 

found at higher elevations (Meidinger & Pojar, 1991; Pojar et al., 1991). Coniferous trees 

dominate, while deciduous trees increase after disturbance, including two nitrogen fixing 

alder species (Alnus rubra and Alnus alnobetula). Old-growth seral stages dominated 

the forest prior to industrial logging, because stand replacing natural disturbances were 

infrequent in the coastal climate (e.g., Lertzman et al, 1996; Lertzman et al., 2002). Early 

and mid-seral stages are now widespread, particularly in valley bottoms (Benner & 

Lertzman, 2022; Pearson, 2010) and in the southern part of the study area (Old Growth 

Technical Advisory Panel, 2021a and 2021b). However, extensive areas of old-growth or 

mature forest are still found in parts of the study area. 

Humans have used this area for millennia, yet the watershed ecosystems of this 

study area are more intact than many watersheds found further south in the NPCTR 

(Wolf et al., 1995). Indigenous people have continuously occupied this area for at least 

13,000 years (McLaren et al., 2018), utilizing and managing resources from land to sea 

(e.g., Hoffman et al., 2017; Jackley et al., 2016; Reid et al., 2022). At present, some of 

the study watersheds include small rural communities, but there are no urban areas. The 

industrial forestry activities have left a hydrological and geomorphic footprint, including a 

network of gravel roads and associated drainage network alterations. Agricultural 

activities are limited to low intensity cattle ranching and hay production in the 

headwaters of the Homathko watershed (Figure 3.1). No significant polluting industries 

or major hydro development projects are located within the watersheds. However, 

marine traffic passes nearby and regional sources of emissions are found within the 

Salish Sea airshed (Aherne et al., 2010, Hember, 2018). 

Watershed delineation and characterization 

We generated a GIS shapefile of coastal watersheds based on the BC 

Freshwater Atlas “assessment” watersheds (GeoBC, 2009). We defined watersheds 

from their outlets to the ocean, which required amalgamating all subcatchments to a 

single polygon in GIS. Each watershed polygon was then characterized in terms of 12 
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watershed properties expected to control or predict river hydrology and water quality 

(Table 3.1). The choice of watershed characteristics and the methods used to measure 

them were described in detail in Chapter 2 (Table A.1 of that chapter). For the present 

study, we used the same procedures and the same data, with three exceptions. First, we 

used a higher resolution (25 m instead of ~ 90 m) digital elevation model (TRIM; GeoBC, 

2014). Second, we used an updated version of the Randolph Glacier Inventory (v6.0 

instead of v5.0; RGI Consortium, 2017). Third, we used an updated version of 

ClimateNA (v6.22 instead of v5.10) (Wang et al., 2016; AdaptWest Project, 2020). In 

addition to the 12 core variables used in watershed classification, we quantified the 

percentage watershed cover of lithological classes (Hartmann & Moosdorf, 2012; Jansen 

et al., 2010; Moosdorf et al., 2010; Moosdorf & Hartmann, 2015) and of Quaternary 

sediments (Cui et al., 2017). Watershed area and percent (%) precipitation as snow 

were computed as additional descriptors. 
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Table 3.1. Characteristics of the sampled watersheds grouped by watershed type. Acronyms for watershed types are 
defined in Figure 3.1. Summary statistics represent the watershed mean (and standard deviation). 

Watershed 
Type 

Centroid x 
location 

Centroid 
y location 

Glacier 
cover 
(%) 

Max 
elev 
(m) 

Slope 
(°) 

Slope 
< 5° 
(%) 

MAP 
(mm) 

PAS 
(mm) 

MAT 
(°C) 

TD 
(°C) 

Eref 
(mm) 

Veg 
Height 
(m) 

% 
Snow 

Area 
(km2) 

n 

RHC –1955555 
(35776) 

1531185 
(61797) 

0.0 
(0.0) 

557 
(164) 

15.3 
(3.5) 

12.9 
(6.0) 

2,041 
(408) 

151 
(38) 

8.5 
(0.4) 

15.0 
(1.3) 

610 
(37) 

29.8 
(2.1) 

7.5 
(1.5) 

18 
(21) 

9 

RLN –2065639 
(6868) 

1696937 
(17482) 

0.0 
(0.0) 

172 
(59) 

9.4 
(2.1) 

30.4 
(11.0) 

2,889 
(31) 

102 
(6) 

8.6 
(0.1) 

10.3 
(0.2) 

487 
(9) 

25.8 
(4.5) 

3.5 
(0.2) 

3 
(1) 

5 

RHN –2067201 
(8598) 

1721684 
(8174) 

0.0 
(0.0) 

620 
(281) 

14.6 
(2.7) 

12.6 
(2.7) 

3,543 
(257) 

183 
(55) 

8.1 
(0.3) 

11.2 
(0.3) 

510 
(9) 

23.1 
(3.4) 

5.1 
(1.2) 

11 
(6) 

4 

RMC –2036102 
(27527) 

1700026 
(41746) 

0.0 
(0.0) 

1,018 
(395) 

23.2 
(6.0) 

4.4 
(3.5) 

3,448 
(318) 

400 
(209) 

6.8 
(1.0) 

12.4 
(0.9) 

501 
(21) 

27.7 
(3.2) 

11.4 
(5.4) 

28 
(46) 

19 

SMC –1930960 
(41819) 

1582090 
(69057) 

1.8 
(3.2) 

1,854 
(295) 

33.3 
(5.0) 

1.1 
(1.3) 

2,916 
(505) 

903 
(260) 

4.8 
(0.9) 

15.7 
(0.8) 

491 
(36) 

21.5 
(5.8) 

31.0 
(8.2) 

87 
(210) 

11 

GMM –1901358 
(33509) 

1592476 
(50100) 

18.1 
(8.8) 

2,919 
(491) 

31.0 
(5.2) 

3.8 
(3.3) 

2,737 
(588) 

1,377 
(165) 

2.4 
(0.9) 

16.3 
(0.6) 

426 
(21) 

12.5 
(4.0) 

51.6 
(7.3) 

1,577 
(2,182) 

8 

Note: The first 12 numeric data columns give the 12 watershed properties used for watershed classification. The classification variables were defined as follows: Centroid x and 
centroid y location = watershed centroid coordinates; Glacier cover = % cover of glaciers; Max elev = maximum watershed elevation; Slope = average watershed slope; Slope < 
5° = the proportion of the watershed with slope < 5°; MAP = Mean Annual Precipitation; PAS = Precipitation As Snow; MAT = Mean Annual Temperature; TD = Temperature 
Difference between mean warmest month temperature and mean coldest month temperature (a measure of continentality); Eref = Hargreaves reference (potential) 
evapotranspiration; Veg Height = mean vegetation height. This table also reports % of precipitation as snow (% Snow), mean watershed area (Area), and total number of polygons 
sampled for stream biogeochemistry (n) 

.
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Watershed classification modelling 

For this study, we assigned every sampled watershed to one of the 12 small 

coastal watershed types found in the NPCTR. This required a modelling step because 

34 of our 56 sampled watersheds were smaller than the minimum size (20 km2) of well 

delineated watersheds (DW) used in the regional scale classification of Giesbrecht et al. 

(2022; Figure B.2). In other words, a model was used to assign class membership to 

newly delineated (very small) watersheds based on the characteristics of those 

watersheds. To achieve this, we used random forest (RF) (Breiman, 2001) via the 

randomForest package (version 4.6-14) in R (R Core Team, 2020). The predictor 

variables were the 12 watershed characteristics (Table 3.1) originally used to define the 

regional watershed types via cluster analysis (Chapter 2). The response variable was 

watershed type. The model was trained using the n = 669 well delineated watersheds 

(DW) that appear in both the regional dataset and the BC Freshwater Atlas dataset. We 

used 500 trees and three randomly selected candidate variables at each split. 

Stream chemistry data 

Water samples were collected from the watershed outlets roughly once every 

month for a year (March 2018 to March 2019), for a total of 405 observations. Nine of 

these watersheds were sampled only one or two times due to access constraints, while 

most were sampled eight to ten times. Each transect was surveyed in two to three 

consecutive days in order to sample relatively similar weather and flow conditions. The 

two transects were surveyed as close together in time as feasible, but were often more 

than a week apart, thus not necessarily capturing the same weather system. 

From each water sample, we measured 22 aspects of riverine water quality, 

including DOC, alkalinity, cations, organic and inorganic nutrients, 𝛿18O-H2O, 𝛿2H-H2O, 

and handheld sensor readings of temperature, specific conductance, pH, and turbidity. 

Water samples and sensor readings were taken from the main flow, avoiding eddies, 

shallow water, loose substrates, or woody debris. Samples for dissolved constituents 

were field-filtered with a 0.45 µm Millipore® Millex-HP hydrophilic polyethyl sulfonate 

(PES) syringe filter. All samples were kept cool and dark during the field work. Samples 

were then preserved by freezing or acidification as appropriate, within 24 hours of field 

collection. The field and laboratory procedures for this study follow those of St. Pierre et 
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al. (2021) and Tank et al. (2020). For the hand-held sensor readings, we used a YSI 

ProDSS multiparameter meter, which was calibrated daily. Turbidity measurements 

(ISO7027) did not begin across the full range of sites until July 2018, due to instrument 

unavailability. 

Several quality control (QC) and data cleaning procedures were implemented 

prior to the analysis. Suspect values were flagged and omitted based on field notes, 

laboratory notes, or data-based criteria. For data-based QC, individual water quality 

parameters were assessed by watershed type. Most samples were retained with the 

exception of those for which electrical conductivity exceeded 200 µS cm-1. These 

samples also had high concentrations of Na, K, Cl/SO4, or Sr (where available), likely 

due to tidal mixing of brackish water. We identified 14 such cases, most of which (11) 

occurred in the Homathko River. Laboratory results below the detection limit were 

replaced by ½ the detection limit, following common convention (e.g., EPA, 2000). 

We calculated several variables from the analytical laboratory results. The 

concentration of dissolved inorganic nitrogen (DIN) was calculated as the sum of 

ammonium (NH4
+), nitrite (NO2

-), and nitrate (NO3
-). Dissolved organic nitrogen (DON) 

was calculated by subtracting DIN from total dissolved nitrogen (TDN). Dissolved 

organic phosphorous (DOP) was calculated by subtracting soluble reactive phosphorous 

(SRP) from total dissolved phosphorous (TDP). Particulate phosphorous (PP) was 

calculated by subtracting TDP from total phosphorous (TP). Finally, we computed the 

mass ratio of sodium to calcium ions (Na:Ca) as a simple index of cation origin. High 

Na:Ca ratios can be caused by high inputs of cyclic marine salts (precipitation) relative to 

cation inputs from rock weathering (Gibbs, 1970; Schlesinger, 1997) and by high inputs 

from silicate weathering relative to carbonate weathering (Gaillardet et al., 1999; Tank et 

al., 2012a). 

To evaluate the broad seasonality of stream chemistry, we defined two seasons 

based on the dominant sources of runoff to streams. A rain season typically occurs from 

October through April, when streamflow events are dominated by rainfall inputs at lower 

to middle elevations. This is the high flow season in Rain type watersheds and the low 

flow season in Glacierized watershed types, where cold winter temperatures cause 

precipitation to fall as snow (Giesbrecht et al., 2022). A meltwater season typically 

occurs from May through September, when the Glacierized Mountain watersheds tend to 
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have high yields of meltwater-dominated streamflow. Precipitation reaches a minimum 

during this season, resulting in low flows for rain-dominated watersheds. 

The full dataset (n = 405) was used for the first phase of analysis where our goal 

was to describe correlations among water quality variables across diverse catchment 

conditions. However, the removal of cases with missing values (e.g., SRP or Fe) led to a 

sample size < 405 for individual analyses. For the second phase of analysis, where our 

goal was to compare water quality across watershed types, we eliminated watersheds 

with either: (a) lithology that was atypical of the Coast Plutonic Complex and not well 

replicated in the study; or (b) fewer than three water sampling dates. Criterion (a) was 

used to control for major lithological effects on stream chemistry (Hartmann et al., 2014; 

Jansen et al., 2010; Milliman & Farnsworth, 2011). Specifically, we excluded candidate 

watersheds that had > 50% combined cover of sedimentary or volcanic lithology. The 

remaining watersheds all had more than about 75% cover of plutonic (acidic or 

intermediate) and/or metamorphic rock (Table B.1). This allowed us to focus the study 

on the dominant plutonic/metamorphic lithology of the BC mainland coast and minimize 

the potential to confound lithology and watershed type. Criterion (b) was used to control 

for the fact that just one or two sample dates might give a biased impression of typical 

stream chemistry in a given watershed. 

Statistical analysis of stream biogeochemistry data 

We used principal component analysis (PCA) to reduce the high dimensionality 

of the water quality dataset into a smaller number of synthetic (principal) components. 

PCA was computed by a singular value decomposition of a centered and scaled data 

matrix using the prcomp() function in R. We constructed a biplot of principal component 

scores (points) and loadings (vectors) in the reduced feature space of the first two 

principal components to visualize biogeochemical differences and similarities among 

sites within and between watershed types. We omitted turbidity from the PCA because 

the large number of missing values would have substantially reduced the sample size. 

We used a combination of summary statistics and statistical tests to evaluate 

biogeochemical differences across watershed types. Boxplots were used to describe the 

distribution and median value of stream observations in each watershed type. We used 
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a one-way analysis of variance (ANOVA) to determine if the watershed types had 

statistically significant mean differences in mean stream biogeochemistry. 

We used random forest (RF) modelling (Breiman, 2001) via the randomForest 

package to estimate how much of the observed spatial variation in stream 

biogeochemistry could be explained by either watershed type (as a nominal-categorical 

variable), the 12 watershed properties used to define watershed types, lithology, as well 

as all these candidate variables combined. We used 5,000 trees in each forest to ensure 

stable results and tried p/3 variables at each split, where p is the number of candidate 

variables. The RF analysis was done at the scale of individual watersheds using the 

temporally averaged chemistry of each watershed. We also used RF to quantify and 

rank the relative importance of the 12 watershed classification variables as well as 

several measures of watershed lithology for predicting stream biogeochemistry at the 

catchment scale. We used these RF results in combination with our other findings to 

identify two key predictor variables that appeared to account for a large fraction of the 

observed catchment controls on stream biogeochemistry. To visualize and quantify the 

strength of these controls, we constructed generalized additive models (GAM) with the 

Gaussian family of distributions using the mgcv v1.8-31 package in R. Smoothing 

parameters were automatically selected using the restricted maximum likelihood (REML) 

method. 
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Results 

The watershed classification analysis showed that six watershed types 

dominated the two inlet-to-island transects (Figure 3.1). The 56 watersheds we sampled 

for riverine water quality captured at least five replicates of each watershed type and 

spanned a wide range of watershed properties (Table 3.1). The sampled watersheds 

varied along a multi-attribute environmental gradient from Rain to Snow (SMC) to 

Glacierized (GMM) watershed types, which reflected increasing elevation and size, 

decreasing temperature, increasing snowfall and glacier cover, decreasing vegetation 

height, and decreasing proximity to the coastal ocean (beyond fjord waters). The three 

Rain types in the Rivers Inlet area varied along a topographic gradient from Rain 

Lowlands (RLN) to Rain Hills (RHN) to Rain Mountains (RMC), with increasing slope and 

decreasing extent of flat areas. The Rain Hills type of the Bute Inlet transect (RHC) had 

much lower precipitation and taller vegetation than the Rain Hills type of the Rivers Inlet 

transect (RHN), due to the rainshadow of Vancouver Island. In fact, all watersheds of the 

Bute Inlet transect had lower precipitation than watersheds of the Rivers Inlet transect 

with a similar elevation (Figure B.3). 

Water quality gradients across small coastal watersheds 

The first two principal components of a PCA of freshwater data explained 65% of 

the total variance in the original 20 descriptors (Table 3.2, Figure 3.2). Increasing PC1 

(47% of observed variance) described decreasing concentrations of organic matter 

associated variables (DOC, DON, Fe, and Al; increasing pH) and increasing DIN 

concentrations. Increasing PC1 also described decreasing Na:Ca, decreasing 𝛿18O-H2O 

and 𝛿2H-H2O, and increasing concentrations of several variables associated with 

chemical weathering of rocks (SiO2, Alk, Ca, and K). This component reflects a high 

degree of statistically significant association among subsets of the water quality 

parameters (Supplementary Text B.1; Figure B.4). Mean PC1 scores differed 

significantly (at the 0.05 level) across watershed types (Table 3.3), with high scores in 

Glacierized type watersheds and low scores in the three Rain type watersheds of the 

Rivers Inlet transect (Figure 3.2b). PC2 (18% of observed variance) primarily described 

increasing concentrations of Na and Mg (Table 3.2). Mean PC2 scores also differed 



 

94 

significantly across watershed types (Table 3.2), with high scores in the Rain Lowlands 

and low scores in the Snow Mountains type (Figure 3.2c). 

 

Figure 3.2. Ordination bi-plot (a) showing the first two principal components of 
river biogeochemistry data (20 variables), coloured by watershed 
type.  

Note: Each small point represents one of n = 184 samples collected (without missing values) from 
the n = 56 sampled watersheds. Large points represent group mean coordinates. Watershed 
types are defined in Figure 3.1. Boxplots in (b) and (c) show the distribution of PC scores all 184 
observations, grouped by watershed type. 

These broad spatial patterns of riverine water quality were not sensitive to the 

methodological choice to either include all time points from all watersheds (Figure 3.2) or 

to examine the average biogeochemistry of watersheds with larger sample sizes (n ≥ 3) 

and more similar lithology (Figure B.5). We focus on PC1 and PC2, because PC3 

explained only a small marginal increment of total variance (Table 3.2) and did not differ 

significantly among watershed types (Table 3.3). 
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Table 3.2. A summary of the proportion of variance explained and component 
loadings of the original descriptors for the first three principal 
components (PC) of stream biogeochemistry, based on an analysis 
of 184 samples collected (without missing values) from the n = 56 
sampled watersheds. 

 PC1 PC2 PC3 
Proportion of 
variance 0.47 0.18 0.09 
Cumulative 
proportion 0.47 0.65 0.74 
DOC –0.87 0.3 –0.01 
DON –0.66 0.46 –0.09 
DIN 0.71 0.08 0.19 
TP 0.48 0.18 –0.78 
DOP 0.3 0.2 –0.77 
SRP 0.42 0.56 –0.2 
SiO2 0.91 0.28 0.1 
EC 0.62 0.68 0.18 
pH 0.86 0 0.03 
Temp –0.07 0.27 –0.34 
Fe –0.73 0.28 –0.36 
Na –0.08 0.91 0.2 
Ca 0.85 0.27 0.06 
Mg 0.36 0.86 0.1 
K 0.77 0.12 –0.15 
Al –0.82 0.04 –0.28 
Alk 0.92 0.1 0.14 
O18 –0.75 0.49 0.17 
H2 –0.76 0.47 0.21 
Na_Ca –0.81 0.29 0.07 
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Table 3.3. Mean (in bold), standard error (se), sample size (n), and statistical test results for 22 river biogeochemistry 
measurements grouped by watershed type. 

 RHC RLN RHN RMC SMC GMM  
Descriptor Mean se n Mean se n Mean se n Mean se n Mean se n Mean se n p 

PC1 1.2 1.1 6 –3.6 0.5 4 –3.7 0.5 4 –1.6 0.4 15 3.2 0.7 8 5.0 0.4 4 < 0.001 
PC2 1.8 0.8 6 2.7 0.4 4 0.4 0.5 4 –1.2 0.4 15 –1.0 0.2 8 0.9 1.0 4 < 0.001 
PC3 0.6 0.4 6 –0.1 0.2 4 0.2 0.3 4 0.3 0.2 15 –0.9 0.6 8 –0.3 0.6 4 0.135 
DOC (mg L-1) 5.4 1.9 6 15.1 1.0 4 9.3 1.6 4 6.4 0.8 16 1.9 0.3 9 1.2 0.1 6 < 0.001 
DON (µg L-1) 96.0 22.2 6 215.6 20.4 4 135.8 21.0 4 82.8 9.5 16 28.5 4.6 8 30.4 4.6 4 < 0.001 
DIN (µg N L-1) 68.5 15.1 6 11.9 2.2 4 15.9 2.7 4 39.6 6.6 16 56.9 12.0 9 85.2 15.2 6 0.001 
TP (µg L-1) 15.0 2.3 6 10.1 1.2 4 6.4 0.5 4 6.6 0.9 16 14.5 0.8 9 40.9 15.8 6 < 0.001 
DOP (µg L-1) 8.8 1.6 6 4.5 0.3 4 3.8 0.5 4 4.2 0.9 15 11.8 1.3 9 10.3 2.1 6 < 0.001 
SRP (µg L-1) 2.0 0.6 6 1.6 0.2 4 0.8 0.1 4 0.8 0.1 16 1.3 0.2 9 1.7 0.6 6 0.019 
SiO2 (µg Si L-1) 1,164.7 481.7 6 119.3 75.2 4 43.5 14.7 4 116.4 42.1 16 526.6 146.5 9 955.6 48.4 6 < 0.001 
EC (µS cm-1) 32.7 7.6 6 26.6 3.5 4 18.5 2.1 4 13.1 1.1 16 17.8 3.1 9 32.7 2.3 6 < 0.001 
pH 6.5 0.4 6 4.8 0.2 4 5.0 0.3 4 5.5 0.2 16 6.8 0.1 9 7.1 0.1 6 < 0.001 
Temp (℃) 9.8 0.6 6 9.7 1.8 4 10.5 0.9 4 8.5 0.5 16 8.3 0.5 9 7.7 0.4 6 0.157 
Fe (µg L-1) 93.3 36.5 6 441.0 77.7 4 245.4 40.0 4 170.9 27.8 16 41.4 7.3 9 67.3 20.3 6 < 0.001 
Na (µg L-1) 2,069 339 6 3,006 426 4 1,982 191 4 1,203 113 16 756 119 9 1,051 203 6 < 0.001 
Ca (µg L-1) 3,871 1148 6 1,507 474 4 719 161 4 1,186 190 16 2,955 486 9 4,917 601 6 < 0.001 
Mg (µg L-1) 459.3 90.2 6 457.8 52.8 4 305.1 24.8 4 244.6 20.4 16 226.1 23.5 9 355.0 77.8 6 0.002 
K (µg L-1) 226.6 81.5 6 161.9 12.4 4 140.0 14.1 4 156.3 14.1 16 429.5 98.3 9 756.2 53.9 6 < 0.001 
Al (µg L-1) 132.6 52.2 6 310.2 13.9 4 234.2 32.4 4 192.3 19.5 16 84.5 15.3 9 77.7 24.7 6 < 0.001 
Alk (mg CaCO3 L-1) 9.9 3.3 6 1.5 0.8 4 0.8 0.3 4 2.0 0.6 16 5.1 1.1 9 10.5 1.6 6 < 0.001 
𝛿18O-H2O –11.9 0.3 6 –9.8 0.2 4 –9.4 0.3 4 –11.5 0.2 16 –14.6 0.2 9 –16.5 0.5 6 < 0.001 
𝛿2H-H2O –86.5 2.2 6 –70.7 0.7 4 –69.1 1.5 4 –82.3 1.8 16 –106.6 1.8 9 –121.2 4.0 6 < 0.001 
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Na:Ca (mass) 0.9 0.3 6 4.8 1.9 4 3.3 0.7 4 1.5 0.2 16 0.4 0.1 9 0.2 0.0 6 < 0.001 
Turbidity (FNU) 3.4 2.4 6 NA NA 0 2.1 0.6 3 0.4 0.1 8 5.2 1.5 9 13.5 6.6 6 0.055 
PP (µg L-1) 4.8 1.4 6 4.4 1.0 4 1.9 0.2 4 2.3 0.3 15 4.4 0.8 9 30.3 14.3 6 0.002 

Note: Watershed types are defined in Figure 3.1. The p-values (p) reflect one-way ANOVA tests for equal means. This analysis was based on the average biogeochemistry of all 
time points in a given watershed, while watersheds with n < 3 time points were omitted and watersheds with > 50% sedimentary + volcanic lithology were omitted.
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Typical riverine water quality of each watershed type 

In addition to differences in PC scores, we found that 20 of the 22 water quality 

parameters were significantly different across watershed types (Table 3.3). This includes 

differences in dissolved organic matter associated chemistry, inorganic nutrients, 

chemical rock weathering products, and isotopic indicators of water sources and 

residence time. Only temperature and turbidity were not significantly different across 

types. This analysis draws on a larger sample size than the PCA, where cases with 

missing values were omitted. 

Organic matter associated water quality parameters were particularly variable 

over the gradient of watershed types. DOC, DON, Fe, and Al generally increased in 

concentration from Glacierized Mountains type watersheds (mean ± standard error: 1.2 

± 0.1 mg L-1 DOC, 30.4 ± 4.6 µg L-1 DON, 67.3 ± 20.3 µg L-1 Fe, 77.7 ± 24.7 µg L-1 Al) to 

Rain Lowlands type watersheds (15.1 ± 1.0 mg L-1 DOC, 215.6 ± 20.4 µg L-1 DON, 441.0 

± 77.7 µg L-1 Fe, 312.0 ± 13.9 µg L-1 Al) (Table 3.3). Among the Rain type watersheds on 

the Rivers Inlet transect, these organic matter associated variables increased (and pH 

decreased) in a predictable topographic sequence from Mountain, to Hill, to Lowland 

types. 

Most of the nitrogen in these rivers occurred in dissolved form (Figure 3.3a). 

Dissolved nitrogen was predominantly organic (DON) in the Rain type watersheds and 

predominantly inorganic in the Snow Mountain and Glacierized Mountain watersheds 

(Figure 3.3c). Mean DON was much higher in the Rain watershed types than the Snow 

and Glacierized types, broadly tracking the pattern of DOC across watershed types 

(Table 3.3). Mean DIN and the % DIN (of TDN) were highest in the GMM type and 

generally increased along the topographic gradient from Lowland to Mountain watershed 

types (Figure 3.3c; Table 3.3). The RHC watershed type was an exception to this 

pattern, with the second highest mean DIN, yet only Hill-type relief (Table 3.3). 
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Figure 3.3. Boxplots showing the proportion of N (a) and P (b) in particulate 
form and the proportion of dissolved N (c) and P (d) in organic form, 
across watershed types. 

Note: Watersheds with > 50% sedimentary + volcanic lithology were omitted from this analysis. 

The majority of the phosphorous in these rivers occurred in dissolved form, 

except that particulate phosphorous was typically dominant in the GMM type (Figure 

3.3b; Table 3.3). The dissolved phosphorous was predominantly organic compounds 

(DOP) in all watershed types and this proportion did not vary appreciably by watershed 

type (Figure 3.3d). SRP was low in all watershed types, reaching highest mean 

concentrations in the RHC type (Table 3.3). 

The seasonality of riverine water quality also varied with watershed type (Figure 

3.4). The Glacierized watershed type had the highest turbidity and PP on average (Table 

3.3), but these glacial effects were much more pronounced during the meltwater season 

(May-to-September; Figure 3.4a and 3.4b). Median May-to-September water 
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temperature and the seasonal range of temperatures both decreased along the gradient 

from Rain, to Snow, to Glacierized watershed types (Figure 3.4c). Differences in water 

temperature across seasons were the least pronounced in the Glacierized watershed 

type. Regardless, the overall strong seasonal and daily variability of temperature and 

turbidity in this study area likely explains why the annual averages of these two variables 

were not significantly different across watershed types (Table 3.3). Seasonality had a 

comparatively subtle influence on electrical conductivity (EC; Figure 3.4d). In the GMM 

and SMC watershed types, median EC was slightly lower in the meltwater season. In the 

RHC watersheds by contrast, EC was highest in the May-to-September period. 

 

Figure 3.4. Boxplots showing turbidity (a), PP concentrations (b), temperature 
(c), and EC (d) across watershed types and seasons. The first (left) 
boxplot in each watershed type shows the meltwater (May-to-
September) season and the second (right) shows the rain (October 
to April) season. 

Note: Watersheds with > 50% sedimentary + volcanic lithology were omitted from this analysis. 
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Catchment controls on riverine water quality 

Based on random forest analysis, watershed type explained much of the 

biogeochemical variation observed among individual watersheds (Table 3.4). Watershed 

type alone explained 67% and 58% of the spatial variation in PC1 (indicating 

concentrated organics and dilute rock weathering products) and DOC respectively. 

Using the 12 classification variables substantially increased the percentage explained 

variance for all response variables, as expected. Of these, the three most important 

individual predictors for PC1 and DOC were: TD (continentality; see Table 3.1 for 

variable definitions), Poly_x (~ longitude), and Elev_max_vT (relief) (Figure 3.5). 

Watershed type alone explained less than 50% of the spatial variation in PC2, SiO2, 

alkalinity, and turbidity (Table 3.4). Lithology explained 13% and 12% of the variance in 

PC1 and PC2, respectively (Table 3.4). 

Table 3.4. Estimated percentage of variance of biogeochemical PC scores and 
key variables explained by random forest modelling using 
alternative sets of predictor variables. 

Response 
 

Watershed type 12 metrics Lithology All 

 n MSE VE (%) MSE VE (%) MSE VE (%) MSE VE (%) 
PC1 41 3.6 66.6 1.4 87.1 9.4 12.8 1.4 87.0 
PC2 41 2.5 35.0 1.7 57.4 3.4 12.1 1.6 57.7 
DOC 45 8.9 58.3 3.4 84.1 16.5 23.3 3.5 83.6 
SiO2 45 281,674 23.6 218,698 40.7 347,014 5.9 223,112 39.5 
Alk 45 18.4 30.4 13.1 50.5 23.2 12.2 13.5 48.9 
Turbidity 32 73.1 -2.6 45.6 35.9 58.6 17.7 46.8 34.3 

Note: The 12 metrics model used the watershed classification variables (e.g., maximum elevation and mean annual 
temperature) as predictors. The lithology model used the cover of the nine lithologic classes as predictors. MSE = 
mean squared error; VE = % variance explained. The response variables represent the average biogeochemistry of all 
time points in a given watershed, while watersheds with n < 3 time points have been omitted, and watersheds with > 
50% sedimentary + volcanic lithology have been omitted. 
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Figure 3.5. Random forest variable importance plots for prediction of six water 
quality response variables from the suite of all candidate predictor 
variables. 

Note: The response variables represent the average biogeochemistry of all time points in a given 
watershed, while watersheds with n < 3 time points were omitted, and watersheds with > 50% 
sedimentary + volcanic lithology have been omitted. Predictor variables include watershed type 
(WType), the 12 metrics used to define watershed type, and all nine lithology variables. Sample 
sizes were 41 for PC1 and PC2, 45 for DOC, SiO2, and alkalinity, and 32 for turbidity. 
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Comparison of watershed types suggested that topography and climate were 

important and potentially interacting controls on riverine water quality. To better visualize 

these potential interacting effects at the watershed scale of analysis, we specified a 

simple two-variable interaction model with mean annual precipitation (MAP) and a 

representative topographic variable (Figure 3.6). We selected maximum elevation (relief) 

as the representative topographic variable because it was the best topographic predictor 

of PC1 and an important predictor of PC2, DOC, SiO2, alkalinity, and turbidity (Figure 

3.5). Most (91%) of the spatial variation in PC1 was explained by the interaction of just 

two watershed properties: relief and precipitation (R2 = 0.91, p < 0.001; Figure 3.6c). 

PC1 scores were lowest in low-elevation watersheds with high precipitation and 

increased either with increasing elevation or decreasing precipitation. DOC showed the 

opposite pattern, peaking in wet, low-elevation watersheds and declining exponentially 

with elevation and with decreasing MAP (R2 = 0.87, p < 0.001; Figure 3.6f). 
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Figure 3.6. Spatial controls on mean streamflow biogeochemistry of individual 
watersheds. This figure shows the bi-variate scatterplots (first and 
second columns) and a non-linear smoothing function (GAM) (third 
column) used to visualize how watershed elevation and precipitation 
interact to predict PC1 and three representative chemistry variables. 

Note: Watersheds are colour coded by type as per Figure 3.1. The GAM models based on the 
interaction of elevation and MAP had adjusted R2 values of 0.91 for PC1 (p < 0.001, n = 41), 0.87 
for DOC (p < 0.001, n = 45), 0.53 for SiO2 (p < 0.001, n = 45), and 0.75 for turbidity (p < 0.001, n 
= 32). These data represent the average biogeochemistry of all time points in a given watershed, 
while watersheds with n < 3 time points have been omitted, and watersheds with > 50% 
sedimentary + volcanic lithology have been omitted. 
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In contrast to DOC, SiO2 concentrations were high in both drier, low relief 

watersheds and in high relief watersheds, with very low concentrations in the wet, 

lowland watersheds (Figure 3.6i). However, only about half of the spatial variation in 

SiO2 was explained by the interaction of relief and precipitation (R2 = 0.53, p < 0.001) 

indicating that some important controlling mechanism was not represented by this 

model. Turbidity was well explained by this model (R2 = 0.75, p < 0.001), primarily due to 

an abrupt increase from moderate- to high-relief watersheds. 

The strong predictive link between maximum watershed elevation and riverine 

water quality likely reflected the effects of multiple controlling factors. Maximum 

watershed elevation was correlated with increasing watershed slope (r = 0.7), PAS (r = 

0.9), TD (r = 0.7), glacier cover (r = 0.7), and area (r = 0.6) as well as decreasing MAT (r 

= –1) and vegetation height (r = –0.7) (Figure B.3). In fact, TD was the most important 

single predictor of PC1 (Figure 3.5). Watershed glacier cover increased with elevation 

abruptly from zero beginning at about 2,000 m, leading to a non-linear association with 

watershed elevation (Figure B.3). Furthermore, while the low-elevation watersheds were 

almost exclusively acid plutonic bedrock, the high-elevation watersheds had more 

diverse lithologies with only ~ 50-75% acid plutonic bedrock and some had a degree of 

sedimentary rock cover. 
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Discussion 

Spatial heterogeneity of small coastal watersheds 

Meso-scale mapping and classification of small coastal watersheds revealed a 

high degree of spatial variation in catchment characteristics over short distances. The 

two inlet-to-island systems we studied spanned from some of the most glacierized 

coastal watersheds in BC, to the most wetland-dominated watershed type in BC, to a 

drier watershed type found predominantly in the rainshadow of Vancouver Island. These 

findings show how the physiographic complexity of a coastal margin can translate to 

intense spatial gradients of watershed-scale topography, climate, glaciers, and terrestrial 

ecosystems. As a consequence, a substantial range of the watershed diversity 

previously described at a regional scale in the NPCTR (see Giesbrecht et al., 2022) was 

represented in just two inlet-to-island complexes. Strong spatial gradients among 

watersheds can also be found over much of coastal BC and Southeast AK. 

The present analysis improved upon a previous regional watershed classification 

(Giesbrecht et al., 2022) by better resolving the locations and extent of small watersheds 

in the ~ 1 to 10 km2 size range (Figure 3.1; Figure B.2), particularly those with very low 

relief and extensive wetland cover (RLN). Despite this, we suspect that a small number 

of watersheds were misclassified by the RF model used to classify small catchments by 

watershed type. One of the sampled RHC watersheds, for example, had an unusually 

high DOC (Figure 3.6) and MAP (Figure B.3) for that watershed type. It was also the 

only RHC watershed sampled on the Rivers Inlet transect, which is near the northern 

limit for this watershed type (Figure 3.1). Another example of potential misclassification 

is the single RMC type watershed sampled in Bute Inlet, which is near the inland limit for 

this watershed type (Figure 3.1). 

As with all models, our classification carries uncertainties associated with 

statistical (misclassification) error. Misclassification could occur for several reasons. 

First, borderline cases show attributes of multiple watershed types. Fuzzy theory tells us 

that classification boundaries are often vague rather than crisp and that objects can 

belong to one or more groups depending on the properties used to define them. Second, 

measurement error associated with watershed characteristics could also lead to 

misclassification, although this is likely a minor contribution. Regardless of the cause, 
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there is a certain amount of noise in the classification itself. For research and 

management applications interested in a small number of specific watersheds, we 

recommend carefully reviewing the classification itself prior to application. 

Spatial heterogeneity of riverine water quality 

Classification of catchment-based watershed types captured variation in many 

aspects of riverine water quality (Figure 3.7). This builds on the work of Giesbrecht et al. 

(2022) who reported contrasting streamflow regimes and DOC regimes across the 

diverse watershed types of the larger NPCTR region. However, catchment specific 

watershed characteristics provided additional insights and improved prediction in 

unsampled watersheds, as would be expected (Table 3.4; Figure 3.6). In particular, 

maximum watershed elevation served as a surrogate measure of multiple catchment 

controls on riverine water quality, particularly after accounting for the rainshadow effect 

of Vancouver Island. 
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Figure 3.7. Integrative conceptual summary of watershed controls on riverine water quality across six watershed types in 
the NPCTR, for watersheds dominated by igneous-metamorphic lithology. 

Note: Terms like “low” and “high” are used to rank the watershed types relative to other watershed types in this study area rather than make a 
global comparison. For example, our “high inorganic nutrients” are not high in a global context. “DOM+” refers to DOM associated properties: high 
DOC, high DON, high Fe, high Al, and low pH. Additional potential controls are discussed in the main text, including watershed size, trace 
carbonate rock, anadromous fish, and atmospheric deposition.
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• High relief
• Deep/mineral flowpaths
• Forest disturbance
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Dissolved organic matter associated water quality. The concentrations of 

DOM associated solutes (DOC, DON, Fe, and Al) demonstrated that these rainforest 

fjordlands had high absolute levels of biogeochemical variability among river outlets at 

the meso-scale (Figure 3.7). For example, the watershed-averaged DOC concentrations 

observed across the < 2° latitude in this study spanned nearly all of the DOC 

concentration observations across the > 20° latitude of the entire NPCTR region (0.87 to 

16.69 mg L-1 vs. 0.57 to 12.49 mg L-1 respectively; Giesbrecht et al., 2022). In fact, this 

inlets-to-islands study area captured a wider range of DOC concentrations (15.82 mg L-1 

vs. 11.92 mg L-1, respectively), probably due to the inclusion of four new Northern Rain 

Lowland watersheds, which were poorly represented in the regional dataset (n = 3 

watersheds). 

The case of DON further illustrates the wide range of organic matter 

concentrations over a relatively short distance. The four Rain type watersheds had much 

higher DON (82.8 ± 9.5 µg L-1 to 215.6 ± 20.4 µg L-1) than observed in most small 

unpolluted streams of the temperate region (56 to 61 µg L-1) summarized by Meybeck 

(1982; note one study reported 160 µg L-1). These DON concentrations were also high 

compared to very small (< 100 ha) temperate forested watersheds of Chile and 

Argentina (8 to 135 µg L-1; Perakis & Hedin, 2007). By contrast, rivers draining the Snow 

and Glacierized Mountain type watersheds in our study had very low DON (28.5 ± 4.6 µg 

L-1 to 30.4 ± 4.6 µg L-1) compared to these studies (Meybeck, 1982; Perakis & Hedin, 

2007). 

This study suggests the Rain Lowland type (RLN) may have the highest 

concentrations of DOC, DON, and other DOM associated solutes such as Fe, in the 

broader NPCTR region. These extreme DOM-associated concentrations probably reflect 

the effect of a wet hypermaritime climate (Giesbrecht et al., 2022; Perakis & Hedin, 

2007), organic matter accumulation on gently sloping lowland topography (Oliver et al. 

2017; McNicol et al. 2019), shallow flowpaths through organic-rich wetlands and 

hillslopes (D’Amore et al., 2015; Fitzgerald et al., 2003; Fellman et al., 2009; Gibson et 

al., 2000), and more passive transport of DOM through small watersheds (Raymond et 

al., 2016). This DOC maximum in the RLN differs from a previous study (Chapter 2), 

which found maximum DOC concentrations in the RHN type, probably because the 

present study resolved local classification errors and sampled more representative 

examples of the RLN watershed type. 
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At the other extreme, the GMM type had the lowest concentrations of DOC, 

DON, and Al, and the second lowest concentrations of Fe. We attribute this primarily to 

the combined effects of high glacier cover and meltwater dilution of DOM, reduced 

vegetation cover, and reduced SOM accumulation (Fellman et al., 2014a; Giesbrecht et 

al., 2022; Hood & Berner, 2009; Hood & Scott, 2008). Deeper flowpaths on steep 

forested slopes and in valley bottom alluvium likely also contributed to the low 

concentrations of DOM associated solutes. Ultimately, these conditions arise due to 

mountainous topography and a colder climate. The finding that 𝛿18O-H2O covaried with 

these DOM-associated constituents further supports the idea that temperature-controlled 

differences in water source (i.e., rain vs. meltwater) contributed to DOM concentration 

differences across space. 

Considering all watershed types, much of the spatial variation in DOM associated 

solutes could be represented by maximum watershed elevation alone (Figure 3.6a and 

3.6d). This simple predictor represented the effects of several of the topographic (e.g., 

slope) and climatic (e.g., temperature) controlling factors discussed above. In addition to 

this elevation effect, we also found evidence for a climatic control on the concentration of 

DOM associated solutes among lower elevation (< 1,000 m) watersheds (Figure 3.6d; 

Figure 3.7). Specifically, the rainshadow watershed type (RHC) was much drier and 

slightly warmer than the topographically similar RHN watershed type. We suspect that 

the rainshadow watersheds had drier, warmer soils and deeper flowpaths, leading to 

less soil organic matter accumulation at the surface and more DOM adsorption on 

mineral particles (Perakis & Hedin, 2007). Such a mechanism could explain why the 

statistical interaction of maximum watershed elevation and mean annual precipitation 

explained much of the observed variation in DOM associated variables (Figure 3.6). 

Inorganic nutrients. Dissolved inorganic nitrogen concentrations also varied 

with the type of small coastal watershed in our study (Figure 3.7) for several potential 

reasons. Locally high DIN in the GMM, RHC, and SMC watershed types may have 

reflected lower soil moisture due to the climate and topography of these watershed 

types, conditions under which organic nitrogen would be most rapidly transformed to 

mobile DIN (Ågren & Andersson, 2012; Castellano et al, 2012). Conversely, 

denitrification in wetland soils (Schlesinger, 1997) could explain why stream DIN 

concentrations decreased along the topographic gradient from the RMC to RHN to RLN 

watershed types, which indicates increasing wetland cover. 
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The abundance of N-fixing plants such as alder (Alnus) in a watershed can also 

be a major control on the concentration of DON and thus (after mineralization) DIN in 

streams (Compton et al., 2003). This effect has been observed across diverse 

watershed types (Devotta et al., 2021; Steinberg et al., 2011; Shaftel et al., 2012), 

including glacierized watersheds where N-fixing plants colonize newly exposed 

sediments as glaciers recede (Hood & Scott, 2008; Hood & Berner, 2009). In forested 

watersheds, disturbance promotes alder cover in riparian zones, on landslides and 

avalanche tracks, on inactive logging roads, and in early-seral forests. Post-hoc 

examination of satellite images and seral-stage maps (Old Growth Technical Advisory 

Panel, 2021b) showed that these landscape elements were most common in the GMM, 

SMC, and RHC types, corresponding with the highest mean DIN concentrations in our 

study. 

Several other processes could contribute to these patterns of nitrogen 

concentrations in coastal watershed exports. Enhanced DIN in glacial streams could 

arise for a number of reasons, including atmospheric deposition and reduced contact 

with soils and vegetation where uptake and retention would otherwise occur (e.g., 

Slemmons et al., 2013; Colombo et al., 2019; Warner et al., 2017). Atmospheric 

deposition of anthropogenic nitrogen from the transportation sector, industry, agriculture, 

and urban centres (Drever, 1982) is also a possible source of DIN in the Discovery 

Islands (Aherne et al., 2010) and Bute Inlet (Hember, 2018). Anadromous salmon are a 

potential source of marine derived nitrogen to streams (Hood & Berner, 2009; Moore et 

al., 2007; Sugai & Burrell, 1984). Finally, high DIN could arise if the catchment supply of 

P from rock is so low that P limitation of primary production constrains the uptake of DIN. 

However, this seems unlikely to explain DIN across watershed types because the 

lithology of our high-DIN watershed types was no more P-poor than the other watershed 

types (Table B.1). 

Phosphorous. The result that PP was highest in the GMM type is consistent 

with the idea that glacial weathering of bedrock enhances the release of phosphorous 

into rivers (e.g., Föllmi et al., 2009) and the flux of P into the coastal ocean (Hood & 

Scott, 2008; Hood & Berner, 2009). The total phosphorous pool was dominated by 

particles and only a small fraction (< 5%) occurred in a soluble reactive form (SRP), 

similar to observations in heavily glacierized rivers of Switzerland (Föllmi et al., 2009). 

By contrast, the total P pool was dominated by DOP in the other Mountain watershed 
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types. This finding is consistent with the hypothesis that deglaciation leads to a long-

term shift from mineral toward organic forms of P (Filippelli et al., 2006; Moore et al., 

2009) and thus greater biological control over the P budget of watersheds. Glacierized 

Mountain type watersheds in this study had higher SRP than Snow or Rain Mountain 

types, as expected given the known effect of glacier cover on stream SRP (Brahney et 

al., 2021; Föllmi et al., 2009; Hood & Berner, 2009). However, the difference was small 

and absolute values remained low (1.7 ± 0.6 µg L-1) compared to other glacierized 

watersheds in temperate regions (Brahney et al., 2021; Föllmi et al., 2009; Hood & 

Berner, 2009). 

Chemical weathering associated variables. Glacierized mountain watersheds 

had the highest concentrations of certain inorganic solutes derived from rock weathering 

(Ca, K, Alk, SiO2), which probably reflected the combined effects of several causal 

factors. Physical weathering and erosion caused by glaciers (Anderson, 2007; Sharp et 

al., 1995; Raiswell, 1984; Tranter & Wadham, 2014) and perhaps high watershed relief 

(Drever, 1982) enhances the rate of chemical rock weathering. Carbonate rocks are 

highly soluble and contribute to elevated dissolved solutes in rivers (Milliman & 

Farnsworth, 2011; Tank et al. 2012a), probably including our Glacierized watershed type 

which had the most mixed sedimentary bedrock (Table B.1). Even small amounts of 

carbonate material within silicate-dominated rock units can contribute disproportionately 

to solute production (Anderson & Dietrich, 2001; Drever, 1982; White et al., 1999) and 

this effect is enhanced by physical erosion (Anderson et al., 1997; Tank et al., 2012b). 

Deep groundwater contributions also tend to increase with watershed size leading to 

higher base cation concentrations (Laudon & Sponseller, 2018). The comparatively high 

EC of GMM type watersheds is also consistent with the idea that groundwater discharge 

from valley bottoms specifically contributes to elevated stream solutes (Covino et al., 

2007). 

The products of chemical rock weathering were also relatively concentrated in 

the RHC type, where glaciers were absent. RHN type had much lower concentrations of 

these solutes, despite broadly similar relief and lithology. However, the RHC type had a 

notably drier and slightly warmer climate than the RHN type, suggesting a climatic 

control on the rock weathering signature in streams. Specifically, warmer temperatures 

are known to enhance chemical weathering rates (Drever, 1982). Perhaps more 

importantly, much lower precipitation minus evapotranspiration (~ 1,431 mm in RHC vs. 
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~ 3,033 mm in RHN) might have enhanced solute concentrations due to deeper 

flowpaths. Flow through mineral soil horizons and fractured bedrock is known to 

generate a strong rock weathering signature in stream waters (Anderson & Dietrich, 

2001; Emili & Price, 2013; Riebe et al., 2016). The contrast of these two watershed 

types is consistent with the idea that “soil shielding” by organic soils with high water 

tables can protect bedrock from chemical weathering (e.g., Drever, 1982; Hartmann et 

al., 2014). 

Electrical conductivity data suggest that chemical weathering products had 

contrasting seasonal concentration dynamics across the spatial mosaic of watershed 

types. In the GMM and SMC watershed types, summertime meltwaters were slightly 

more dilute than the groundwater and subglacial flow that seemingly prevailed in winter. 

This is consistent with the idea that glacial runoff is most dilute during periods of high 

meltwater flow due to predominance of supraglacial and englacial sources (Raiswell, 

1984). In the RHC watersheds by contrast, EC was highest in summer when runoff is 

typically low and deeper groundwater flowpaths presumably dominated. 

Precipitation inputs of Na and Mg likely also contributed to the observed 

associations of these water quality parameters with watershed types located closer to 

open coastal waters (Figure 3.7). Precipitation inputs from marine salts tend to decrease 

with distance from the coastal ocean (Aherne et al., 2010; Cronan, 2009; Derry & 

Chadwick, 2007; Drever, 1982). As a result, watershed ecosystems located near the 

coast are expected to show a more pronounced marine signature in riverine water 

quality. 

Turbidity and suspended particulates. The spatial pattern of riverine PP and 

turbidity indicated that only the Glacierized watershed type had high concentrations of 

particles in river exports (Figure 3.7). As expected, the degree of watershed glacier 

cover had more impact on river turbidity in summer than in winter (Hood & Berner, 

2009). The high turbidity in these glacierized watersheds probably reflects the 

contemporary and historical effects of glaciers on sediment erosion, storage, and 

transport, combined with the effects of relief, lithology, and discharge (Anderson, 2007; 

Church & Slaymaker, 1989; Milliman & Farnsworth, 2011). Indeed, watershed relief, a 

key variable in our watershed classification and an important predictor in our turbidity 
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model, acts as a surrogate for many of these controlling factors (Milliman & Farnsworth, 

2011). 

Stream temperature. The associations between river temperature and certain 

watershed types (Figure 3.7) have implications for understanding catchment controls on 

river temperature in a changing climate. The thermal buffering in the glacierized and 

snow mountain watershed types is consistent with the idea that meltwaters from glaciers 

and snow in high-elevation watersheds act to moderate stream temperatures in summer 

(Fellman et al., 2014b; Moore, 2006; Pitman & Moore, 2021). Additionally, the Rain 

Mountain watershed type had cooler summer temperatures than the other three Rain 

type watersheds, which occurred at lower elevations (RHN, RHC, RLN). This could 

reflect the effect of watershed elevation on air temperature and snow contributions, even 

in catchments where glaciers are already absent (Fellman et al., 2014b). 

Predicting riverine water quality in unsampled watersheds 

The multi-variable water quality description we have developed for each 

watershed type can be used as a rapid first approximation of riverine water quality in 

unsampled areas, with some limitations. Individual watersheds will most often differ from 

the average of all watersheds in a given type. Temporal variation of riverine water quality 

can be rapid and large, particularly for flow-dependent properties such as turbidity, so 

any given sampling date might be quite different from the temporal average conditions. 

Furthermore, a prediction model based on these watershed types should work better for 

some variables (e.g., organic matter-associated variables) than others (e.g., turbidity and 

SiO2 were poorly predicted by watershed type alone). Finally, extrapolations to other 

catchments will be most reliable when they are within the range of watershed 

characteristics used to train the original model. 

This type of simple statistical model based on watershed type might supply 

useful interim estimates while high-resolution, process-oriented models are developed 

for watershed hydro-biogeochemistry (Leach & Moore, 2019; Li et al., 2021). This might 

also provide a practical predictive tool for water stewardship practitioners who need to 

estimate the water quality of reference watersheds in poorly sampled regions. While we 

found that predictive accuracy could be improved by building a statistical model based 
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on catchment specific watershed characteristics, this requires more data, effort, and 

statistical training. 

Further research on spatial controls of watershed 
ecosystems 

More work is needed to understand the causal mechanisms linking topo-climatic 

watershed types with river biogeochemical signatures. In this context, our correlational 

results are useful for defining problems, generating hypotheses, and refining questions. 

For example, more work is needed to understand how lithology shapes the associations 

between watershed types and riverine water quality over a wider range of different 

lithological settings (e.g., volcanic and sedimentary rock). The role of disturbance and 

nitrogen-fixing plants should be further investigated as a source of DIN in rivers in 

specific watershed types. Similarly, more information is needed on the role of 

atmospheric deposition – marine salts and pollution in particular – in the supply of 

elements to different types of small coastal watersheds in the coastal rainforest. 

Future research on the causes of spatial heterogeneity of small coastal 

watershed-ecosystems should prioritize the Glacierized Mountains watershed type of the 

NPCTR. This watershed type is undergoing rapid glacial retreat and mass loss (Clarke 

et al., 2015), occupies a large fraction of the total NPCTR drainage area (Giesbrecht et 

al., 2022), and provides important ecosystem services (Milner et al., 2017). More 

broadly, there is a need to determine how the effect of glacier cover on freshwater 

quality depends on watershed lithology and watershed size. Finally, more work is 

needed globally to understand how the spatial controls on riverine water quality in 

glacierized watersheds may depend on extreme events such as landslides and glacial 

lake outburst floods (see Geertsema et al., 2022 and Giesbrecht et al., 2021b for a 

recent example within Bute Inlet). 

Consequences of spatial heterogeneity in water quality 

The dramatic spatial heterogeneity of riverine water quality across small coastal 

watersheds could have local scale consequences for freshwater ecosystems and the 

land-ocean aquatic continuum (Xenopoulos et al., 2017). Our findings suggest 

watershed classification can be used as a tool to conceptualize – and to predict – this 
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heterogeneity in the form of a spatial mosaic of watershed ecosystems, including both 

sampled and unsampled watersheds (Figure 3.7). For instance, streams of the Northern 

Rain Hills and Rain Lowlands are typically acidic, poorly buffered, warm, high in 

terrestrial DOM, and low in inorganic nutrients. A distinct aquatic community structure 

would be expected in such waters (Milner et al., 2007 and 2017; Petrin et al., 2007). 

Concentrated terrestrial DOM can decrease primary productivity and fish production in 

nutrient poor lakes due to light limitations (Atlas et al., 2020; Karlsson et al., 2009). On 

the other hand, the high yields of terrestrial DOM into these streams (Oliver et al., 2017) 

are expected to produce significant heterotrophic respiration, along with CO2 efflux to the 

atmosphere (Cole et al., 2007; Butman et al., 2016). The thermal regime of Rain type 

watersheds is also ecologically important. For example, periods of high stream 

temperatures in one of the RMC watersheds in this study (Koeye) are known to affect 

the survival of salmon during upstream migration (Atlas et al, 2021). 

These Rain type watersheds also export concentrated DOM-associated solutes 

to nearshore ecosystems. This water quality regime can provide nearshore ocean 

ecosystems with an energy source that can be used by heterotrophs (St. Pierre et al., 

2020), organic nitrogen that can be remineralized and used by primary producers, and 

iron that can subsidize primary production offshore (St. Pierre et al., 2021). As a result, 

we expect that river plumes emanating from these watersheds function as 

biogeochemical hotspots, with higher processing rates of terrestrial organic matter than 

the surrounding matrix of the coastal ocean. However, these hotspot or control point 

processes are not constant, but rather vary with season and export magnitude (St. 

Pierre et al., 2020); i.e., these are activated ecosystem control points (Berhhardt et al., 

2017). Furthermore, these watersheds were particularly small (Table 3.1) and the 

magnitude of cross-ecosystem resource subsidies to consumers in local nearshore 

waters tends to increase with watershed size (Harding & Reynolds, 2014; Harding et al., 

2015). The cumulative regional scale effect of organic matter exports from thousands of 

small Rain type watersheds has not been quantified in the NPCTR region. 

In contrast to the Rain type watersheds, the larger Glacierized Mountain 

watersheds had the coolest and most stable river temperatures, the most buffered 

carbonate system, and the most turbid waters – particularly in the meltwater season 

(Figure 3.7). These aspects of runoff from glacierized watersheds affect multiple trophic 

levels in freshwater ecosystems (Atlas et al., 2020; Bellmore et al., 2022; Brahney et al., 
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2021; Milner et al., 2017; Slemmons et al., 2013) and nearshore ecosystems (Arimitsu et 

al., 2018; Beaudreau et al., 2022; Bianchi et al., 2020; Guo et al., 2022; St. Pierre et al., 

2022). The rivers in Glacierized watershed types also carried the most concentrated DIN 

and SiO2 and the second most concentrated SRP. These inorganic nutrients can be 

directly used by primary producers in rivers and in estuaries. The higher alkalinity of 

rivers in these mountain watersheds can better buffer against pH change, with potential 

implications for the degree of freshwater dilution of marine buffering capacity (Hare et 

al., 2020) and the ecological impacts of ocean acidification (Evans et al., 2014; Tank et 

al., 2012b). Additionally, glacial runoff is thought to subsidize marine foodwebs due to 

high yields of dilute but labile organic matter (Arimitsu et al., 2018; Hood et al., 2009; St. 

Pierre et al., 2022). 

Despite the heterogeneity of small coastal watershed ecosystems, Glacierized 

Mountain type watersheds can dominate the terrestrial signature in these fjords due to 

their high discharge. Glacierized watersheds were spatially dominant (Figure 3.1) and, in 

Bute Inlet, Farrow et al. (1983) estimated that just the two largest glacierized watersheds 

were responsible for 94% of the freshwater discharge. However, the relative contribution 

of different watershed types is expected to vary spatially and between seasons. Glacial 

dominance of the terrestrial signature in marine waters should decrease with distance 

from the inlet heads toward the islands. Seasonally, glacial signatures dominate in inlets 

during the meltwater season (e.g., Pickard, 1961), while the balance should shift toward 

snowfed and especially rainfed watershed signatures during winter. Furthermore, the 

glacial dominance of terrestrial signatures in these inlets is expected to change over the 

long term, ultimately giving way to dominance of non-glacierized mountain watershed 

signatures as glaciers dwindle. 

Emergent functions of watershed-ecosystem mosaics 

The meta-ecosystem concept (Loreau et al., 2003; Gounand et al., 2018) may be 

a useful tool for conceptualizing the effects of spatial linkages between diverse local 

watershed ecosystems and the marine ecosystems into which they drain. Drawing ideas 

from landscape ecology (Levin, 1992; Pickett & Cadenasso, 1995; Turner, 1989) as well 

as population and community ecology, a meta-ecosystem is “a set of ecosystems 

connected by spatial flows of energy, materials and organisms across ecosystem 

boundaries.” (Loreau et al., 2003, p. 674). Coastal watershed ecosystems and 
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nearshore ecosystems are indeed connected by multiple types of spatial flows in both 

upstream and downstream directions (e.g. Aufdenkampe et al., 2011; Harding & 

Reynolds, 2014; Harding et al., 2015; St. Pierre et al., 2022; Moore et al., 2007; 

Xenopoulos et al., 2017). A theoretical spatial ecology framework such as the meta-

ecosystem framework could be useful for predicting how the functions of a mosaic of 

contrasting watershed ecosystems and nearshore ecosystems depend on the 

composition, structure, interconnections, and temporal dynamics of that mosaic. This 

could include both collective functions, where the system reflects the sum of the 

component parts, and emergent functions, where the system has properties that exceed 

the sum of the component parts (Salt, 1979). Emergent functions can arise at the system 

scale due to asynchrony among components (e.g., Moore et al., 2015). 

The collective and emergent functions of a meta-ecosystem that spans land and 

sea could include maintenance of biological diversity (at alpha and beta levels), 

productivity, resilience, metabolism, and elemental source-sink dynamics. For instance, 

while spatial heterogeneity and associated environmental asynchrony within a 

watershed can lead to emergent stability at the watershed scale (Bellmore et al., 2022; 

Moore et al., 2015), spatial heterogeneity among primary watersheds might also affect 

the resilience (or variability) observed over the scale of a larger land-ocean system (e.g., 

dispersal, meta-population dynamics, and cross-ecosystem resource subsidies). The 

long-term resilience of sockeye salmon in Bristol Bay, Alaska, has been attributed to the 

high degree of spatial heterogeneity within- and especially between-watersheds used by 

the broader-scale stock complex (Hilborn et al., 2003). From a carbon perspective, the 

headwater-to-estuary fluvial network alone has been described as a meta-ecosystem 

due to the increasing metabolic energy (organic carbon) utilization by the cumulative set 

of ecosystems (Battin et al., 2008). Enhanced carbon sequestration could be another 

emergent property of a broader meta-ecosystem, if the mixing of fresh organic matter 

from one watershed and fresh mineral surfaces from another watershed stabilizes 

organic carbon via organo-mineral complexation and burial in the nearshore ecosystem 

(Aufdenkampe et al., 2011). Nearshore ecosystems are themselves highly diverse (e.g., 

degree of stratification or upwelling) and function to filter the spatial flows between land 

and sea (e.g., Bianchi et al., 2011; Brown & Ozretich, 2009), yet many questions remain 

regarding the spatial interactions of these systems across scales and over time 

(Xenopoulos et al., 2017). In short, the characteristic functioning of a given coastal meta-
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ecosystem probably depends on the character of multiple inflowing watersheds as well 

as the character of the marine ecosystems. 

The inlet-to-island complex between Rivers Inlet and Calvert Island, specifically, 

has been described as an “integrated land-ocean meta-ecosystem” due to the 

contributions of watershed, nearshore-macrophyte, and marine phytoplankton sources to 

the pool of particulate organic carbon found in the ocean surface waters (St. Pierre et al., 

2022, p. 2). In this case, the inlet waters had the most seasonally stable watershed-

source contribution, perhaps partly due to the presence of both glacierized and rain type 

watersheds (Figure 3.1). In Patagonia, Vargas et al. (2011) also showed how fjord 

ecosystems and watershed ecosystems can be “linked by spatial flows of organic matter 

and nutrients” (p. 200). This inlet-to-island system, in Patagonia, showed a strong 

terrestrial signature in upper-inlet waters, which varied in strength and character 

depending on the characteristics of the proximal watershed. One river plume had more 

terrestrial organic matter owing to a more heavily forested watershed (Pascua R.) while 

the other river had more inorganic material owing to a less forested watershed (Baker 

R.; Vargas et al., 2011). Ocean acidification and oxygen depletion also exemplify 

processes that can depend on both coastal ocean conditions and the flow of freshwater, 

organic matter, and rock-weathering products from watersheds (Aufdenkampe et al., 

2011; Jackson et al., 2021; Waldsbusser et al., 2014). In exploring applications of the 

meta-ecosystem concept from a Western science perspective, we acknowledge that the 

interconnectedness of terrestrial, freshwater, and marine ecosystems has long been 

recognized and actively managed by Indigenous people in the NPCTR and elsewhere 

(Berkes et al., 1998; Dick et al., 2022; Winter et al., 2020). 
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Conclusion 

The physiographic complexity of fjordland regions generates strong spatial 

gradients in watershed climate, typography, hydrology, and ecosystems. Most fjord 

studies focus on the few comparatively large (glacierized) watersheds that tend to 

dominate discharge. However, this study described very different watershed-ecosystem 

characteristics in the many smaller catchments found in fjords and across the broader 

inlet-to-island complex. Riverine water quality varied dramatically, from glacierized 

watersheds with turbid and comparatively nutrient-rich river exports to rain-dominated 

lowland watersheds with very high concentrations of dissolved organic matter in outflow 

waters. The seasonal timing of streamflow is also known to vary among these watershed 

types (Giesbrecht et al., 2022). The resulting meso-scale spatial gradients in riverine 

hydrology and water quality have potential implications for freshwater habitats, drinking 

water supplies, carbon cycling, and nearshore ecosystems. 

Much of the spatial variation in riverine water quality was explained by watershed 

type in this study. Additional variation was explained when individual watershed 

characteristics (e.g., maximum watershed elevation and mean annual precipitation) were 

considered. Thus, we suggest that watershed characterization and classification are 

useful tools for understanding complex spatial gradients and interacting catchment 

controls in a simplified framework. Furthermore, the classification approach is potentially 

suitable to a wide range of applications in ecosystems research and management: 

coastal ocean modeling, ecological scaling, prediction in unsampled basins, 

environmental assessment, conservation planning, and watershed stewardship. In 

British Columbia, for example, spatially explicit water quality information can be used to 

evaluate drinking water supplies for human communities as well as habitat suitability for 

freshwater species (British Columbia Ministry of Environment and Climate Change 

Strategy, 2021). Catchment-specific understanding of background water quality regimes 

can also be used to assess the environmental impacts of disturbance and development 

projects (Wolock et al., 2004; Snelder & Hughey, 2005). Protected area networks could 

be designed to represent the range of different watershed ecosystems in a region as a 

coarse-filter strategy for conserving biological diversity, ecological function, and system 

resilience (Lertzman & MacKinnon, 2013). 
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Small coastal-mountain watersheds have been recognized for their 

disproportionate contributions to land-to-sea fluxes at global (Milliman & Syvitski, 1992; 

Lyons et al., 2002) and regional scales (Goñi et al., 2013). This study showed that small 

coastal watersheds more broadly can be highly diverse in terms of watershed 

characteristics and riverine water quality, even at meso-scales within the same climatic 

region. Furthermore, the spatial pattern of this diversity can be predicted, using readily 

calculated watershed characteristics. Extending the small coastal watersheds concept to 

account for spatial heterogeneity of watershed ecosystems may lead to improved 

predictive and conceptual models of coastal margin function. For example, improved 

models of watershed carbon and nutrient exports may help predict where land-to-sea 

fluxes provide a socially beneficial subsidy to marine consumers (e.g., Arimitsu, 2018; 

Harding & Reynolds, 2014) and where these subsidies provide excess nutrients leading 

to oxygen depletion and detrimental impacts on marine ecosystems (Fennel & Testa, 

2019; Schaefer et al., 2009; Steinberg et al., 2011). 

We hypothesize that the spatial mosaic of watershed ecosystems and nearshore 

ecosystems determines a characteristic – yet poorly described – set of emergent 

functions at the meso-scale. Inlet-to-island complexes, for example, could exhibit certain 

ecosystem dynamics that can only be understood through an integrative consideration of 

all the component parts. Changing the character, proximity, or connectivity of those parts 

would be expected to change certain functions of the whole system. This is an important 

hypothesis because climatic, physiographic, and ecological conditions vary dramatically 

among Earth’s coastal inlet-to-island complexes (e.g., Bianchi et al., 2020; Cuevas et al., 

2019; Smeaton & Austin, 2022; Vargas et al., 2011). Future research might ask how the 

biogeochemical and ecological processes in contrasting fjords depend on the mosaic of 

contributing watershed types, and vice versa. Furthermore, temporally changing climatic 

conditions and the cumulative effects of multiple stressors suggest a pressing need to 

better understand the functional implications of watershed heterogeneity along Earth’s 

full range of coastal margin settings. 
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Abstract 

Freshwater export of dissolved organic carbon (DOC) impacts terrestrial carbon 

storage and coastal foodwebs, yet spatial and temporal variation hinders our ability to 

understand and model this process across scales. In this study we investigated the 

drivers of spatial variability in riverine DOC concentrations among small coastal 

watersheds within a region known for high DOC yields. We sampled DOC from 59 

stream outlets on hypermaritime islands in the Central Coast of British Columbia, 

Canada, and used geospatial data to measure a wide range of watershed 

characteristics. Samples were collected during four storm events that occurred in early 

spring, midsummer, late summer, and early fall. Stream DOC concentrations varied over 

time, from a low of 8.8 ± 3.1 mg L-1 (mean ± SD) in the early spring to a high of 18.7 ± 

6.1 mg L-1 in the early fall. Maximum watershed elevation was the most important 

predictor of DOC concentrations across space. Maximum elevation correlated with 

climate and other watershed characteristics that were potentially involved in regulating 

DOC concentrations. Landcover characteristics explained additional spatial variation in 

stream DOC, with lakes and wet forests being particularly important. Watershed slope 

and non-forested wetland cover were surprisingly poor predictors of DOC 

concentrations. Taken together our findings suggest a refined conceptual model of 

spatial controls on stream DOC concentrations in hypermaritime rainforests. In this 

model, DOC reaches maximum concentrations in rugged lowland terrain, which is 

characterized by extensive wet forests and a high degree of hydrological connectivity 

among terrestrial landscape patches. Furthermore, lake cover reduces the concentration 

of DOC entering the ocean by increasing the residence time for active processing on 

land. This model of landscape controls on DOC differs from the widely observed simple 

wetland-control model and may help explain the extreme yet variable yields of DOC from 

hypermaritime rainforests. 
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Introduction 

The lateral transport of dissolved organic carbon (DOC) links terrestrial, 

freshwater, and marine ecosystems (Aufdenkampe et al., 2011; Battin et al., 2008; Cole 

et al., 2007) and needs to be considered in watershed management and climate change 

mitigation strategies (Battin et al., 2009). Understanding the concentrations of DOC in 

streams is central to understanding these linkages (Bauer et al., 2013; Tank et al., 

2018), yet stream DOC concentrations vary dramatically among watersheds and regions 

(e.g., Meybeck, 1982; Mulholland, 2003). The spatial controls on stream DOC 

concentration differences among forested watersheds have been widely studied in the 

last few decades (e.g., Mulholland, 1997 through Liu & Wang, 2022). However, the 

hypotheses emerging from this research remain largely untested among the small 

hypermaritime watersheds of coastal British Columbia in the Northeast Pacific Coastal 

Temperate Rainforest (NPCTR). The watersheds of this area yield more DOC per unit 

area than most coastal watersheds on Earth, yet concentrations vary substantially 

among closely located streams (Oliver et al., 2017; St. Pierre et al., 2021) of the same 

broad watershed type (Giesbrecht et al., 2022). While we are beginning to understand 

what controls the spatial patterns of DOC concentration and yield across the diverse 

watershed types of the broader NPCTR region (e.g., D’Amore et al., 2016; Chapter 2; 

Chapter 3), little is known about local scale controlling factors among rain-dominated 

hypermaritime watersheds of British Columbia. This presents an opportunity to assess 

the generality of prevailing conceptual models for explaining spatial variations in stream 

DOC concentrations while also filling a knowledge gap in this specific region. 

The landcover mosaic across a watershed often plays a key role in regulating the 

DOC concentration of runoff waters, yet the effect of certain landscape patch types is not 

entirely consistent across studies. Globally, many studies have identified wetlands as the 

dominant landscape patch type responsible for high DOC concentrations and exports 

(Ågren et al., 2014; Aitkenhead et al., 1999; Creed et al., 2008; Dillon & Molot, 1997; 

Kortelainen et al., 2006; Rosset et al., 2022; Schiff et al., 1998; Urban et al., 1989). This 

is because wetlands have high water tables and lateral flow through organic rich surface 

horizons with high DOC production rates (Schiff et al., 1998). As a result, DOC 

concentrations are typically found to increase with the proportion of wetland cover in 

watersheds (e.g., Gergel et al., 1999; Mulholland, 2003). High DOC exports can arise 
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from diverse types of wetlands, ranging from large non-forested peatlands (D’Amore et 

al., 2015; Fellman et al., 2009; Worrall et al., 2002), to forested wetlands (D’Amore et al., 

2015; Fellman et al., 2009; Xenopoulos et al., 2003), to small cryptic wetlands located 

under closed forest canopies (Creed et al., 2003). Hillslope forests with mineral soils, by 

contrast, tend to export water with lower concentrations of DOC, owing to deeper 

flowpaths with less soil organic matter contact and more DOC adsorption to mineral 

particles (D’Amore et al., 2015; Fellman et al., 2009; McDowell & Wood, 1984; Schiff et 

al., 1998). However, watershed scale wetland cover is not a universally strong predictor 

of dissolved organic matter in freshwater ecosystems (e.g., Hongve, 1999), suggesting 

that other spatial controls can come into play. 

Several factors other than wetland cover can influence stream DOC 

concentrations. In contrast to the findings described above, hillslope forests are 

sometimes important contributors to stream DOC (Gannon et al., 2015; Laudon et al., 

2011), including in the hypermaritime rainforests of BC (Gibson et al., 2000). Highly 

concentrated DOC can leach directly from tree canopies in the NPCTR (Behnke et al., 

2022; Emili & Price, 2013) and from the litter of deciduous understory vegetation in 

boreal forests (Hensgens et al., 2020), although it is unclear how much of this DOC 

reaches streams. Furthermore, spatial variation in primary production across catchments 

can be a strong predictor of total organic carbon concentrations (which are > 90% DOC) 

in boreal lakes (Larsen et al., 2011), just as increasing primary production over time can 

contribute to increasing DOC concentrations in streams in some circumstances (Finstad 

et al. 2016; Pumpanen et al., 2014; Zhu et al., 2022). In temperate forest settings, 

bedrock outcrops with thin soils have been identified as important DOC sources to 

streams (Gannon et al., 2015). By contrast, lakes can reduce DOC export from 

watersheds in proportion to water residence times because of the potential for 

flocculation, sedimentation, and microbial and photo-respiration of DOC during the 

period that water is resident in a lake (Algesten et al., 2003; Clayer et al., 2021; Larson 

et al., 2007; Tranvik et al., 2009). Even small ponds within wetland landscape units can 

be sites of DOC consumption (Schiff et al., 1998). 

The hypermaritime rainforest of BC has a highly diverse landscape mosaic 

composed of many types of forest, wetland, and non-forested terrestrial ecosystems 

(Banner et al., 1993; Banner et al., 2005; Heger et al., 2018; Thompson et al., 2016), all 

with corresponding differences in site-level ecological, hydrological, and biogeochemical 
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functions (Emili & Price, 2013; Gibson et al., 2000; Levy-Both et al., 2018). Evaluating 

the relative importance of these diverse and distinct landscape patch types for 

catchment scale biogeochemistry is novel and should provide a useful test of the 

generality of existing conceptual models of DOC runoff from landscape mosaics. 

Spatial controls on stream DOC concentrations can also depend on seasonal 

temperatures and streamflow magnitude. In the rain-fed streams of the northern NPCTR, 

low DOC concentrations in cool winter weather are followed by increasing 

concentrations in the warm summer months, peaking when fall rain flushes porewater 

DOC that accumulated in summer (Fellman et al., 2014; Giesbrecht et al., 2022; Oliver 

et al., 2017). However, we do not know if the relationship between watershed 

characteristics and DOC changes with the seasons. In Southeast Alaska (SEAK), 

stream DOC concentrations were correlated with soil temperatures in small non-forested 

wetland and forested wetland subcatchments but not in upland subcatchments (D’Amore 

et al., 2015), suggesting that catchment controls could vary seasonally. During two 

summer/fall storms in these same systems, DOC concentrations increased in all 

landcover types, but the increase was more dramatic and reached a higher maximum in 

forested wetlands than non-forested wetlands (Fellman et al., 2009). In other regions, 

wetlands show decreasing DOC concentrations with increasing flow, whereas upland 

forests show increasing DOC concentrations with increasing flow (Mulholland, 2003; 

Schiff et al., 1998; Zhu et al. 2022; Laudon & Sponseller, 2018). Flow-dilution occurs in 

wetlands because persistently high water tables and lateral flushing prevent 

accumulation of DOC (Schiff et al., 1998). Forests, on the other hand, become relatively 

more important sources during high flow periods because water tables rise and flush 

DOC that has accumulated in shallow organic enriched horizons (e.g., Raymond & 

Saiers, 2010; Schiff et al., 1998), even in SEAK (Fellman et al., 2009). In boreal forests, 

these runoff variations can cause a shift from wetland dominated DOC supply at 

baseflow to forest dominated DOC supply at high flow, depending on the proportion of 

each landcover type in the watershed (Laudon et al., 2011).  

Regional scale estimates of carbon flux often use watershed characteristics to 

predict DOC concentrations in unsampled watersheds (e.g., Connnolly et al., 2018; 

Edwards et al., 2021). Topographic proxies of wetland cover are attractive for such 

applications because they can be computed consistently across jurisdictions provided a 

unified digital elevation model is available. In particular, simple measures of watershed 
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(or channel) slope are often strong predictors of stream DOC concentrations, reflecting 

differences in soil organic matter (including wetlands) accumulation and flowpath depths 

with changing slope (Connolly et al., 2018; D’Amore et al., 2016; Edwards et al., 2021; 

Mulholland, 1997). In fact, in one study mean watershed slope performed better than 

wetland cover maps for DOC prediction (e.g., Andersson & Nyberg, 2008). However, 

watershed slope alone was not well correlated with DOC concentrations across the 

diverse watersheds of the NPCTR region (Giesbrecht et al., 2022). At this scale, climate 

seems to interact with topography to determine soil organic matter accumulation 

(McNicol et al., 2019) and DOC concentrations in streams (Giesbrecht et al., 2022; 

Chapter 3). Interactions of climate and topography/wetlands have been shown to affect 

DOC export in other regions as well (Creed et al., 2008). As such, it is possible but 

uncertain that watershed slope will be a strong predictor of stream DOC when 

considering only a narrow range of the climate found across the NPCTR. 

Maximum watershed elevation can easily be calculated and used as a surrogate 

measure of multiple catchment controls on stream or lake biogeochemistry across 

complex geographic gradients (Chapter 2; Chapter 3; Monteith et al., 2015). In Chapter 

3, we showed that DOC concentrations decreased exponentially with increasing 

watershed elevation across two inlet-to-island complexes of the BC coast, with the most 

pronounced elevation effect in areas of high precipitation. However, that study examined 

a broad range of topographic and climatic conditions, from hypermaritime lowland type 

watersheds (averaging 172 m relief and 2,889 mm mean annual precipitation [MAP]), to 

drier watersheds in the rainshadow of Vancouver Island (2,041 mm MAP), to glacierized 

watersheds draining the highest mountains on the BC coast (2,919 m relief and 2,734 

mm MAP). It is unclear if watershed elevation will remain a strong predictor of stream 

DOC concentrations when the total variation in elevation is much less, as amongst the 

very wet, low to middle elevation watersheds that dominate the hypermaritime 

rainforests of BC. Alternatively, watershed slope or landcover composition could be 

more important than watershed elevation in smaller areas with comparatively 

homogenous climatic conditions. 

In this study, we set out to identify the major processes controlling spatial 

variation in DOC concentrations at the mouths of small hypermaritime rainforest 

watersheds on the Central Coast of British Columbia. We sampled 59 outlet streams and 

quantified watershed characteristics to assess controls on DOC concentrations in the 
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streams. Given the knowledge gaps in this region, we explored a wide range of 

watershed characteristics as potential predictors for statistical model building. Given 

ambiguities in the larger body of literature on the spatial controls on DOC concentrations 

globally, we also examined specific a-priori hypotheses derived from other studies 

(Table 4.1). For instance, we explored the hypothesis that the extent of wetland cover 

was the primary control on stream DOC concentrations. This required consideration of 

multiple wetland types and multiple wetland mapping methods. We also examined 

spatial-temporal controls on DOC yields, to develop an understanding of catchment 

processes controlling DOC export. 

Table 4.1. Specific a-priori hypotheses about spatial controls on stream DOC 
concentrations in hypermaritime watersheds of the NPCTR. 

 Hypothesis Alternative 
1 Watershed slope is the primary topographic control 

on stream DOC concentrations. 
Slope may not account for other important 
controls on SOM and DOC in the 
hypermaritime setting. 

2 Watershed elevation is the primary topographic 
control on stream DOC concentrations. 

Climatic differences may be too small for 
elevation to be important at this scale. 

3 Wetland cover is the primary landcover control on 
stream DOC concentrations. 

Forests may be a relatively more important 
source in the hypermaritime rainforest 
setting. 

4 Watershed lake cover is associated with lower 
stream DOC concentrations. 

Residence times may be too short, or DOC 
concentrations may be too high, for lake-
effects to be significant. 

5 Spatial controls on stream DOC concentrations 
vary by season. 

The flushing effect of individual runoff events 
might overwhelm antecedent seasonal 
conditions. 
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Methods 

Study area description  

This study was conducted on Calvert and Hecate Islands (51.655, –128.049) in 

the hypermaritime portion of the Northeast Pacific Coastal Temperate Rainforest 

(NPCTR) (Figure 4.1; Giesbrecht et al., 2021). A very wet and ocean-moderated climate 

generates heavy rainfall and interacts with poor drainage and infrequent disturbance to 

produce a rainforest landscape with comparatively low tree biomass and high soil 

organic matter content (Banner et al., 2005; Meidinger & Pojar, 1991). Topography 

varies from coastal lowlands to hills and small mountains (maximum elevation 1,012 m; 

Figure 4.1). Terrestrial ecosystem cover can be characterized as a bog-forest mosaic, 

which is dominated by wet forests and forested wetlands (e.g., bog woodlands and bog 

forests), non-forested wetlands, and hillslope forests (Green, 2014; Thompson et al., 

2016). Trees are short and slow growing (Hoffman et al., 2021) compared to more 

productive areas of the NPCTR, such as high bench floodplain forests on valley bottom 

alluvium (Giesbrecht et al., 2021). The non-forested wetlands can be further divided into 

shallow minerotrophic blanket bogs, ombrotrophic blanket bogs, and basin bogs in 

depressions (Banner et al., 1993; Green, 2014; MacKenzie & Moran, 2004). The 

dominant wetlands in this region are commonly described as bogs due to their bog-like 

vegetation (including Sphagnum mosses) and acidic soils, despite having some fen-like 

hydropedologic qualities, including contact with flowing and mineral-enriched 

groundwater (MacKenzie & Moran, 2004). The dominant soil types range from 

widespread Podzols (organic-enriched mineral soils) and Folic Histosols (upland organic 

soils over bedrock) to Hemists (deep peaty wetland soils) in depressions (IUSS Working 

Group WRB, 2015; Oliver et al., 2017; Sanborn et al., 2011). In the context of the 

broader NPCTR region, this study area has been described as having Rain Hill and Rain 

Lowland type watersheds, which are distinguished by their rain-dominated streamflow 

regimes, DOC flushing with late summer and fall rains, and some of the highest DOC 

concentrations in coastal streams of the region (Giesbrecht et al., 2022). Long-term 

streamflow gauges and weather stations within the study area show frequent high flows 

from late summer through early spring with a much drier and warmer period from late 

spring through midsummer (Figure 4.2). More detailed descriptions of the Calvert and 
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Hecate Islands study area are available in Giesbrecht et al. (2021) and references there-

in. 

 

Figure 4.1. Maps in (a) show the location of Calvert Island and the 
hypermaritime rainforests of British Columbia (Salkfield et al., 2016) 
in the context of the regional distribution of the coastal temperate 
rainforest (Ecotrust, 1995). Panel (b) shows the typical gradient of 
topography, climate, and terrestrial ecosystems from the islands of 
the outer coast to the mountains of the inner coast. Panel (c) shows 
the boundaries of the n = 59 watersheds sampled in this study, 
overlaid on LIDAR-derived hillshading and stream networks 
(Gonzalez Arriola et al., 2015a and 2015b). 

Note: Climate normals (1981–2010) were extracted from ClimateBC (Wang et al., 2012), where 
continentality is the temperature difference in °C between the mean warmest month and the 
mean coldest month, MAP is mean annual precipitation and PAS is precipitation as snow. 
Biogeoclimatic mapping was extracted from BC's Biogeoclimatic Ecosystem Classification (BEC) 
database (Salkfield et al., 2016). Figure adapted from Giesbrecht et al. (2021). 

Study design 

We used regression methods to relate stream DOC concentrations to watershed 

characteristics over a representative yet heterogenous area of the hypermaritime 

rainforest (Figure 4.1c). The study area spanned a gradient of topographic, climatic, and 

landcover characteristics. We selected 59 watersheds that could be safely accessed 

from the Hakai Institute field station on Calvert Island. Each watershed was sampled at 
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the outlet to the ocean, just upstream of estuarine influences. This approach avoided 

issues associated with a nested catchment design. Thus, we assumed that watersheds 

were independent, yet acknowledge that closely located watersheds may have similar 

underlying parent material and experience the same weather systems. In fact, the close 

spatial proximity allowed us to sample many streams during the same storm thereby 

controlling for inter-storm variability in catchment controls. Outlet sampling was also 

appropriate because our goal was to study freshwater that enters the ocean. 
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Figure 4.2. Mean daily streamflow (a and b) and air temperature (c and d) for 
each day of the year, using data from representative gauging 
stations and weather stations in the study area. Arrows indicate the 
sampling days (ESp, ESm, LSm, EFl) of this study, with the 
arrowhead terminating at the mean of the instantaneous specific 
discharge recorded during DOC sampling. 

Note: Mean daily streamflow was calculated as the average of seven gauged watersheds in the 
Kwakshua Watersheds Observatory using all data (Sept 2013 through Sept 2019 depending on 
the gauge) published in Korver et al. (2022). Panel (a) shows the average over a five-year period 
from Sept 2014 to Sept 2019, while panel (b) shows only the two sampling years in this study. 
The ESp survey was completed in spring 2017, while the MSm, LSm, and EFl surveys were 
completed in summer/fall 2015. Vertical reference lines mark the divisions between the four 
astronomical seasons. Mean daily air temperature was calculated as the average of two 
representative weather stations spanning low (12 m.a.s.l.; SSN 708) to high elevations (East 
Buxton 740 m.a.s.l.) also using data from Korver et al. (2022). 
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Water sampling 

Our goal was to capture a synoptic snapshot of the runoff conditions triggered by 

a rainfall (storm) event in different seasons. To do this, we conducted four surveys in the 

field during early spring (ESp), midsummer (MSm), late summer (LSm), and early fall 

(EFl) conditions (Table 4.2). We focused on flows associated with precipitation events 

because these events drive terrestrial–aquatic coupling and play a disproportionately 

large role in annual DOC export (e.g., Oliver et al., 2017; Raymond & Saiers, 2010; Tank 

et al., 2018). We targeted the falling limb of the storm hydrographs, so that all streams 

could be sampled under relatively similar runoff conditions (Figure 4.2). However, 

midsummer data need to be interpreted with caution because we did not successfully 

capture consistent hydrologic conditions across streams. The spring survey was 

conducted in 2017, while the other three surveys occurred in 2015 (Table 4.2). In order 

to examine the seasonal progression from spring to fall, we assumed that DOC 

concentrations in a given sampling event primarily reflected recent (days to months) 

weather conditions rather than the year of sampling (2015 vs. 2017). This should be a 

reasonable assumption given that storm-driven and seasonal variability of DOC are 

large, while the seasonality of DOC concentration is comparatively stable between years 

(St. Pierre et al., 2021). 

Table 4.2. Weather conditions associated with each sampling event, based on 
weather stations that were located in the Kwakshua Watersheds 
Observatory. 

Survey Season Recent temperature (°C)a Recent rain (mm hr-1)b 

  High elev. Low elev. High elev. Low elev. 

ESp (April 9-10, 2017) Early spring 0.7 5.4 0.44 0.40 

MSm (July 24-25, 2015) Midsummer 14.5 15.3 0.53 0.30 

LSm (Sept 3-4, 2015) Late summer 11.7 14.3 0.57 0.60 

EFl (Sept 25-26, 2015) Early fall 8.9 12.5 0.55 0.65 
Note: In a we report mean air temperature for one month leading up to the sampling period at a high-elevation (740 
m.a.s.l.; East Buxton) station and a low-elevation (12 m.a.s.l.; SSN 708) station, using previously published data 
(Korver et al., 2022). 
In b we report mean rain rate for two days leading up to the sampling period at a high-elevation (740 m.a.s.l.; East 
Buxton) station and a low-elevation (12 m.a.s.l.; SSN 708) station, using previously published data (Korver et al., 
2022). 
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Samples for DOC concentration were collected from the main flow of the stream, 

filtered stream-side (0.45 μm Millipore PES), and kept cool and dark until they could be 

acidified later that day (7.5 M phosphoric acid, H3PO4) (Oliver et al., 2017). For the late 

summer survey, DOC concentrations were measured at the Biogeochemical Analytical 

Service Laboratory at the University of Alberta (Edmonton, AB) using a Shimadzu TOC 

analyzer. For the other three surveys, DOC concentrations were measured at the Ján 

Veizer (formerly GG Hatch) Stable Isotope Laboratory (Ottawa, ON) using an OI 

Analytical Combustion Analyser 1030. 

We used replicate sampling to assess the sensitivity of our DOC concentration 

estimates to temporal variation within surveys, given that each survey took two days of 

field work. On 11 occasions we sampled a given watershed on both days of the survey. 

Among these replicates, the mean DOC was 19.62 mg L-1 (min. 7.91 to max 29.27) and 

the mean difference between the first and second day was 0.42 mgL-1 (– 0.93 to 1.76) or 

1.96% (– 3.79 to 8.03) of the two-day mean. This suggests that DOC concentrations 

were typically very similar between the two days of a given survey. Consequently, all 

remaining analyses were conducted using the mean DOC concentration of the survey. 

This left a total of n = 233 independent DOC observations. 

Weather and stream discharge 

We recorded instantaneous stream discharge measurements at a subset of 26 of 

59 watersheds distributed across the range of watershed sizes and geographic locations 

in the study area. Most flow measurements were taken with the velocity-area method 

using a Swoffer velocity meter. For a smaller number of the larger streams, we used the 

salt dilution method (Moore, 2005) to estimate flow with greater efficiency and safety. 

Replicate discharge observations were averaged for each survey, as described for DOC, 

leaving a total of 106 discharge observations for the 233 DOC observations. 

We characterized weather and streamflow for the time period preceding and 

during each survey using high-frequency sensor observations from the Kwakshua 

Watersheds Observatory (KWO; Giesbrecht et al., 2021). For weather, we selected one 

representative high-elevation weather station (740 m.a.s.l.; East Buxton) and one 

representative low-elevation weather station (12 m.a.s.l.; SSN 708). For streamflow, we 

constructed event hydrographs for seven gauged watersheds flowing into Kwakshua 
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Channel. These watersheds span the full range of elevations in our study area yet occur 

in only the northern half of the study area. Detailed field methods and source data are 

available in a data publication by Korver et al. (2022). 

Watershed characterization 

We used geospatial analysis to measure a broad set of watershed characteristics 

representing size, shape, topography, hydrology, climate, aboveground biomass, and 

landcover (terrestrial and aquatic ecosystem classes). We used a 3-m LIDAR-derived 

Digital Elevation Model (DEM; Gonzalez Arriola & Frazer, 2015) to delineate watersheds 

and to measure watershed elevation and slope, stream network statistics (Gonzalez 

Arriola et al., 2015), terrain roughness (VRM, vector ruggedness measure; Sappington 

et al., 2007), and several wetland proxies (Table 4.3). The wetland proxies included the 

topographic wetness index (TWI) at 10 m using Topography Tools for ArcGIS 10.3 (Dilts, 

2005), the multiresolution valley bottom flatness (MRVBF) index (Gallant & Dowling, 

2003) using CLASS Spatial Analyst (Teng et al., 2008), and the percentage watershed 

cover of slopes < 5º (60-m DEM; D’Amore et al., 2016). We calculated the hypsometric 

integral (HI) as the proportionate area under the hypsometric curve – a curve relating 

relative catchment elevation to relative catchment area, from watershed summit to outlet 

(Harlin, 1978; Lou, 1998). Total aboveground biomass (TAGB) was grossly 

approximated for a 25-m grid cell using a two-step process. First, gross biological 

volume (m3) per hectare was estimated using a regression model fitted to existing plot-

level field measurements (response) and LIDAR metrics (predictors) collected in similar 

very wet and hypermaritime forests located on Vancouver Island. Second, gross 

biological volume per hectare was converted to total aboveground biomass (Mg) per 

hectare using updated biomass expansion factors supplied by the BC Ministry of 

Forests, Forest Analysis and Inventory Branch. We calculated watershed average 

climate normals (1981-2010) from Climate Western North America rasters (Wang et al., 

2012). Two indices of topographically controlled heat loading were calculated: the heat 

load index (HLI; McCune & Keon, 2002) and the topographic radiation aspect index 

(TRASP; Roberts & Cooper, 1989) using the ArcGIS toolbox of Evans et al. (2004). Lake 

volumes were estimated from lake area (Green, 2014) and surrounding topography 

following Sobek et al. (2011), summed for each watershed, and normalized to watershed 
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area. Where available, we used lake volume estimates from field-measured bathymetry 

(Gonzalez et al., 2016). 

Table 4.3.  Definitions and descriptions of 41 variables used to represent 
watershed characteristics on Calvert and Hecate Islands (n = 59 
watersheds). 

Variable Mean Min Max Description 
Area 210 26 2,112 Watershed area - planimetric (ha) 
TSA 229 28 2,365 Watershed true surface area (ha) 
Lmax 3.0 0.8 10.9 Max. flowpath length (km) 
Lmain 1.3 0.0 7.3 Main channel length (km) 
PA 0.006 0.001 0.012 Perimeter to area ratio 
HI 0.4 0.2 0.7 Hypsometric Integral1,2 
DDens 8.4 6.2 11.6 Drainage density (km / km2) 
LakeL 1.4 0.0 9.1 Waterbody percent (%) 
LakeVolL 0.00055 0.00000 0.00488 Lake / Area (Mm3 ha-1)3 

Elev 380 58 1,012 Max. elevation (m) 
VRM 0.0307 0.0095 0.0587 Vector Ruggedness Measure4 

Slope 33.0 21.7 59.1 Slope (%) 
Slope5 15.5 0.0 49.5 % of watershed with slopes ≤ 5° (%)5 

TWI 30.5 10.8 99.4 Topographic Wetness Index6 

MRVBF 0.5 0.1 1.7 Multiresolution Valley Bottom Flatness index7 

MAP 3,447 2,845 4,135 Mean Annual Precipitation (mm)8 

PAS 168 96 393 Precipitation as Snow (mm)8 
MSP 872 705 1,062 May to September precipitation (mm)8 
MAT 8.2 7.0 8.6 Mean Annual Temperature (°C)8 
Eref 505 475 521 Hargreaves reference evap. (mm)8 
DD5 1,513 1,259 1,608 Degree-days above 5 °C8 
HLIW 44.7 7.8 89.6 Cover of warm heat load sites (%)9 

TRSPW 40.1 8.1 90.2 Cover of warm aspect sites (%)10 

TAGB 62 7 294 Total aboveground biomass (Mg ha-1) 
DF_TGCL 12.1 0.7 31.2 Drier forests (%)11 

FF_TGCL 28.4 0.5 83.6 Fresh to very moist forests (%)11 
FW_TGCL 37.2 4.0 68.3 Wet and wetland forests (%)11 
AW_TGCL 51.0 4.0 82.8 All wetlands and wet forests (%)11 
SU_TGCL 2.8 0.0 13.7 Shrub / herb upland (%)11 
SW_TGCL 13.8 0.0 54.3 Shrub / herb wetland (%)11 
AWL 53.4 4.1 77.1 All wetlands and wet forests (%)12 
SWL 16.8 0.0 42.3 Shrub / herb wetland (%)12 
FWL 36.7 3.4 63.2 Wet and wetland forests (%)12 
WWL 32.1 0.0 67.6 All wetlands but not bog forests (%)12 
TSSL 13.2 0.0 42.3 Shallow blanket bogs (%)12 
TSDL 3.2 0.0 26.2 Deep blanket bogs (%)12 
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TSL 16.4 0.0 42.3 Blanket bogs (%)12 
AW_NoTSL 37.1 3.4 63.2 AW except blanket bogs (%)12 
AW_NoTSLS 40.3 3.4 71.1 AW except shallow blanket bogs (%)12 
WW_NoTLS 15.7 0.0 36.7 WW except blanket bogs (%)12 
WW_NoTLSS 18.9 0.0 53.1 WW except shallow blanket bogs (%)12 

Note: Unless specified otherwise, the pixel-based metrics describe the mean for the watershed. Warm heat load sites 
have a Heat Load Index ≥ the median for the study area. Warm aspect sites have a TRASP value ≥ the median for the 
study area, where TRASP is the Topographic Radiation Aspect Index. L = landcover variable. See Table C.1 for 
landcover details. Citations: 1Harlin, 1978; 2Lou, 1998; 3Sobek et al., 2011; 4Sappington et al., 2007; 5D'Amore et al., 
2016; 6Dilts, 2005; 7Gallant & Dowling, 2003; 8Wang et al., 2012; 9McCune & Keon, 2002; 10Roberts & Cooper, 1989; 
11Thompson et al., 2016; 12Green, 2014. 

Two different datasets were used to characterize the cover of terrestrial 

ecosystems, with the goal of representing the mosaic of landscape units likely to 

influence DOC (e.g., wetlands vs. forests). First, we calculated the percentage cover of 

five general classes of LIDAR derived eco-hydrological landcover units defined at the 

scale of 20 m pixels: drier forests (DF_TGC), fresh to very moist forests (FF_TGC), 

shrub-herb uplands (SU_TGC), shrub-herb wetlands (SW_TGC), wet forests and 

forested wetlands (FW_TGC) (Thompson et al., 2016). For brevity, the broad FW class 

is hereafter referred to as wet forest. The sum of all wetland and wet forest classes 

(AW_TGC = SW_TGC + FW_TGC) was also calculated from these data. Second, we 

calculated the percentage cover of similar ecosystem classes derived from air-photo and 

expert-knowledge based Terrestrial Ecosystem Mapping (TEM; Green, 2014): shrub-

herb wetland (SW), wet and wetland forests (FW), all wetlands (AW = SW + FW). From 

TEM, we also calculated five more narrowly defined wetland measures: all wetlands 

except bog forests (WW = AW – YG – MD); all wetlands except blanket bogs 

(AW_NoTS); all wetlands except shallow blanket bogs (AW_NoTSS); all wetlands 

except bog forests and blanket bogs (WW_NoTS); all wetlands except bog forests and 

shallow blanket bogs (WW_NoTSS). We calculated these permutations of wetland 

definitions because we did not have good a-priori knowledge of the role of these different 

wetland types in controlling DOC concentrations. All landcover estimates used land area 

as the denominator rather than watershed area to remove lake effects. 

Statistical analysis 

We used boxplots and scatterplots to visually assess spatial-temporal patterns of 

some potentially dominant controls on DOC concentrations and yields. “Survey” was 

treated as an ordinal variable, representing the seasonal progression from spring 



 

156 

through fall. Linear regressions were used to evaluate the relationship between DOC 

concentration, maximum watershed elevation, and average watershed slope, as well as 

relationships between DOC yield and specific discharge. We then used random forest 

(RF) modelling (Breiman, 2001) via the randomForest package (version 4.6-14) in R to 

determine the relative variable importance of sampling season, as indicated by Survey, 

instantaneous stream discharge, and the 41 watershed characteristics. We chose RF for 

this first modelling phase because of its ability to handle non-linear effects, complex 

variable interactions, observational outliers, and irrelevant predictors. RF is an ensemble 

machine learning method that trains a model by building and merging (bagging) many 

weakly correlated decision trees (Cutler et al., 2012). Individual trees are based on 

splitting the data at randomly selected parameter (decision) nodes. We used 5,000 trees 

(ntree) in each forest to ensure stable results and tried p/3 variables at each split, where 

p is the number of candidate variables. We measured variable importance as the 

percentage increase in mean square error (MSE) when the variables were shuffled by 

random permutation. 

After the RF analysis, we used partial least squares regression (PLSR) to 

describe relationships between multiple correlated watershed characteristics and stream 

DOC concentration. PLSR is well suited to regression problems where there are many 

correlated explanatory variables and a relatively small number of observations (Mevik & 

Wehrens, 2007). Much like PCA, the PLS algorithm creates a reduced set of 

uncorrelated components (latent variables) from a matrix of several predictors. However, 

in the case of PLSR, the components are optimized to explain variance in the response 

variable (DOC) rather than the predictors (watershed characteristics) (Kuhn & Johnson, 

2013; Reimann et al., 2008). For these reasons, PLSR has been widely used to examine 

catchment controls on aquatic DOC in previous studies (Andersson & Nyberg, 2008; 

Musolff et al., 2018; Sobek et al., 2007; Winterdahl et al., 2014). In this study, we used 

the pls package in R (Mevik & Wehrens, 2007) with scaled variables, the kernel 

algorithm, and leave-one-out cross validation. Then we selected the number of 

components where the root mean squared error of prediction (RMSEP) stabilized, 

indicating additional components would yield negligible improvements in prediction 

performance. One-sigma and permutation tests were used as statistical guides when 

selecting the optimal number of PLSR components. Finally, we computed regression 
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coefficients for each of the explanatory variables to describe the direction and strength of 

effects on DOC. 

Finally, we used multiple ordinary least-squares linear regression (MLR) to 

examine specific hypothesized spatial and temporal controls on stream DOC 

concentrations. For these objectives, variable selection was guided by our a-priori 

hypotheses and by interpretation of the RF and PLSR results: we selected variables that 

had been identified as important controls, potentially representing independent 

processes, during the first two modelling stages (RF and PLSR). We then used step-

wise model selection procedure, with both forward and backward selection, and the AIC 

criterion (stepAIC in R) to select final models from this small subset of candidate 

predictors. Model residuals were examined for linearity, homogeneity of variance, 

influential outliers, and normality. 
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Results 

Spatial variation in watershed characteristics within the 
hypermaritime landscape 

The 59 watersheds we sampled spanned a range of sizes, topography, climate, 

and landcover (Table 4.3). Watershed size was 210 ha on average, ranging from 26 ha 

to 2,112 ha. Maximum elevations ranged from 58 m above sea level to 1,012 m, with an 

average of 380 m. Mean annual precipitation also ranged substantially, from 2,845 mm 

to 4,135 mm, with an average of 3,447 mm. The mean annual air temperature was 8.2 

ºC on average and ranged from 7.0 ºC to 8.6 ºC. The landcover mosaic had from 4% to 

83% wetland cover and from 0% to 9.1% lake cover. 

Weather, streamflow, and DOC associated with seasonal 
surveys 

The four seasonal surveys captured a temporal range of antecedent 

temperature, rainfall (Table 4.2), and streamflow conditions (Figure 4.2). The weather 

associated with each of the surveys was generally typical for the corresponding season, 

with the exception of the midsummer (MSm) survey. The MSm survey took place in late 

July, shortly after the peak of summer heat that year (Figure 4.2c and 4.2d). The MSm 

precipitation event was substantial at high elevation but minor at low elevation in the 

Kwakshua watersheds (Table 4.2). Post-hoc analysis of the KWO streamflow time series 

suggests some of the MSm samples were collected at baseflow before the rising limb of 

the event hydrograph (KWO data not shown). Instantaneous flow measurements in the 

MSm survey suggest a wide range of specific discharges, including some of the highest 

and lowest flows in the study (Figure 4.3a). In fact, the average specific discharge from 

the MSm survey substantially exceeded the average specific discharge of KWO 

watersheds over a five-year period (Figure 4.2a). The high flows in the MSm survey 

were not recorded by any of the seven gauging stations in the KWO watersheds (Figure 

4.2b) suggesting very localized and intense precipitation events in other parts of the 

study area. 

The early spring (ESp) survey occurred late on the falling limb of a moderately 

sized runoff event (Figure 4.2b), driven primarily by rainfall, with snow cover only present 
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at the highest elevations (data not shown). The instantaneous specific discharge of this 

survey exceeded the late summer and early fall surveys (Figure 4.3a). Air temperatures 

preceding the early spring survey were cool, reflecting typical late winter conditions 

(Figure 4.2c and 4.2d). The late summer (LSm) survey occurred late on the falling limb 

of a moderately sized runoff event (Figure 4.2b), following a month of warm air 

temperatures (Table 4.2). The early fall (EFl) survey occurred late on the falling limb of a 

moderately sized runoff event (Figure 4.2b) and captured a second smaller event in 

some streams (data not shown). The EFl survey followed a typical period of warm late 

summer conditions (Figure 4.2c and 4.2d) that where somewhat cooler than the 

temperatures preceding the late summer survey. Instantaneous specific discharge was 

higher for the early fall than the late summer survey, which had the lowest median 

specific discharge of the study (Figure 4.3). 
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Figure 4.3. Instantaneous specific discharge (a), dissolved organic carbon 
(DOC) concentrations (b), and DOC yield (c) grouped by survey. 
DOC yields were plotted against specific discharge in (d). 

Note: The Early Spring (ESp) survey was completed in 2017. The Midsummer (MSm), Late 
Summer (LSm), and Early Fall (EFl) surveys were completed in 2015. Box plots show the median 
(bar), interquartile range (IQR; box), 1.5 × IQR (whiskers), and outliers (dots). Specific discharge 
and DOC yield data correspond to a subset (n = 106) of DOC sampling events (n = 233). Lines 
show linear smoothed conditional means, coloured by survey. 

DOC concentrations in streams progressively increased with the seasons, from 

early spring (8.8 ± 3.1 mg L-1, mean ± standard deviation) to midsummer (11.8 ± 4.0 mg 

L-1) to late summer (14.8 ± 5.1 mg L-1) to early fall (18.7 ± 6.1 mg L-1) (Figure 4.3). 

Maximum DOC was observed in the two late-season surveys (LSm, EFl), which had 

lower specific discharge than the other surveys. DOC yields varied between surveys 

(Figure 4.3c) reflecting differences in both streamflow magnitude and DOC 
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concentrations. DOC yield increased with water yield (specific discharge) in each 

seasonal survey (Figure 4.3d). 

Watershed controls on DOC concentrations across 
hypermaritime streams 

We had a-priori reasons to hypothesize that elevation and slope might be good 

predictors of DOC concentrations. Bivariate scatterplots and linear regressions (Figure 

4.4) suggested that stream DOC concentration varied with watershed topography, 

particularly maximum watershed elevation. In regressions with DOC concentration, 

maximum watershed elevation had a maximum R2 = 0.64 (p < 0.05), while mean 

watershed slope had a maximum R2 = 0.11 (p < 0.05). Visual inspection of the 

scatterplots suggested that the effect of maximum watershed elevation depended on the 

survey and thus presumably the antecedent weather conditions. However, season-

specific relationships between DOC and elevation included substantial unexplained 

variance, suggesting that other factors were at play. Taken together, these observations 

suggested that spatial models of DOC concentration should account for seasonal 

dependence of catchment controls and additional effects of other watershed 

characteristics such as landcover. 

 

Figure 4.4. DOC concentration (n = 233) plotted against maximum watershed 
elevation (a) and average watershed slope (b), for all four surveys. 

Note: Lines show linear smoothed conditional means. The max elevation models were significant 
at the 0.05 level in all surveys, while watershed slope models were significant at the 0.05 level 
only for the LSm and EFl surveys. 
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In our first modelling step, we used RF to rank predictors of DOC concentration 

by variable importance, allowing for both non-linear effects and interactions. Survey 

identity (“Survey”) was the most important predictor (Figure 4.5a) due to the progressive 

increase in DOC concentrations from early spring through early fall. Elevation was the 

most important of the 41 spatial (watershed) characteristics, followed by four climate 

measures (MSP, MAP, DD5, PAS) that were highly correlated with elevation (r = |0.9|). 

In fact, six of the top ten watershed characteristics were strongly correlated (r > |0.7|) 

with watershed elevation (i.e., also Lmain at r = 0.7 and MAT at r = –0.9). Other high-

ranking variables, such as FW_TGC (also correlated with Elev at r = –0.6) and Lake, 

suggested that landcover type exerted an important control on stream DOC 

concentration. A RF model based on Survey and all landcover variables explained about 

the same amount of variance (70.6%) as a model with all 41 spatial characteristics 

(72.3%; Table 4.4). Almost half of the variance in DOC concentration was explained by 

Survey alone (32.9%). It is likely that both Elev and FW_TGC act as surrogate variables 

capturing some of the combined effects of correlated topographic, climatic, and 

landcover variables. The highest-ranking wetland related predictor was FW_TGC. By 

contrast, watershed slope, Slope5, TWI, and MRVBF did not rank in the top 10 

predictors of stream DOC (Figure 4.5). Even when elevation was manually excluded as 

a candidate variable (results not shown), slope did not rank in the top 10 predictors and 

FW_TGC was the only wetland-related variable in the top 10 predictors. Watershed 

characteristics explained less than 5% of the variance in the midsummer survey, 

probably because of the variable discharge experienced between DOC samples during 

this survey. i.e., short term variation in DOC driven by streamflow variability 

overwhelmed the spatial controls of watershed characteristics. As a result, the evidence 

(VE) is too weak to support any hypotheses about spatial controls on midsummer DOC 

concentrations. 
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Table 4.4. Random forest modelling results comparing several DOC 
concentration models based on different combinations of predictor 
variables, including sampling Survey ID and 41 watershed 
characteristics. 

Survey Predictors MSE VE (%) Top predictor Top watershed characteristic 
All four All spatial + Survey 9.7 72.3 Survey Elev 

ESp only All spatial + Survey 4.4 53.3 Elev Elev 
MSm only All spatial + Survey 14.6 4.9 DDens DDens 
LSm only All spatial + Survey 9.0 65.4 Elev Elev 

EFl only All spatial + Survey 15.8 60.3 Elev Elev 
All four Landcover + Survey 10.3 70.6 Survey FW_TGC 
All four Survey 23.6 32.9 Survey NA 

Note: This analysis was based on the full set of n = 233 DOC observations, to maximize the sample size. Specific 
discharge was not included as a predictor because the variable was only recorded for about half of these DOC 
observations. MSE = mean squared error, a measure of prediction error; VE = percent variance explained. 

 

Figure 4.5. Variable importance plots from random forest modelling of DOC 
concentration (a and b) and DOC yield (c), showing only the top 30 
predictor variables. 

Note: DOC concentration was predicted using all n = 233 DOC samples in (a). In (b) and (c), 
DOC concentration and DOC yield, respectively, were predicted with the subset of n = 106 
samples that had both DOC and discharge measurements, so specific discharge could be used 
as a predictor. Qs = instantaneous specific discharge at the time of DOC sampling. 

While DOC concentrations were controlled by both temporal and spatial 

(watershed) predictors in RF, DOC yields were primarily controlled by temporal 

predictors (Table 4.5). About 61% of the variance in DOC yield was explained by the RF 
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model (Table 4.5) with specific discharge being the most important variable, DOC 

concentration a distant second, and spatial predictors contributing very little (Figure 

4.5c). Watershed characteristics alone did not explain much of the variation in DOC yield 

due to the overwhelming effect of specific discharge. Also, watershed characteristics 

were poorly correlated with specific discharge and therefore poorly correlated with DOC 

yield (Table 4.5). This suggests that spatial-temporal patterns of DOC yield were largely 

correlated with the locations and timing of runoff events. As such, DOC yields are not 

considered in the following examination of spatial controls within each survey. 

Table 4.5. RF modelling results evaluating the relative importance of spatial 
and temporal factors in controlling DOC concentrations, specific 
discharge, and DOC yields. 

Response Variable Predictors MSE VE (%) 
DOC concentration Spatial + temporal predictors (Survey and discharge) 12.5 67.0 
DOC concentration Spatial predictors only 27.7 27.3 
Specific discharge Spatial + temporal predictors (Survey) 0.003 4.8  
DOC yield Spatial + temporal predictors (Survey, discharge, DOC) 1,392 60.5  
DOC yield Spatial predictors only 4,535 < 0.0 

Note: This analysis was based on the subset of n = 106 DOC observations that had both DOC concentration and 
specific discharge. The spatial predictors were the 41 watershed characteristics and the temporal predictors were 
Survey ID, specific discharge, and DOC concentration depending on the model. MSE = mean squared error, a 
measure of prediction error; VE = variance explained. 

Partial least squares regression (PLSR) revealed watershed controls on stream 

DOC concentrations in the presence of multiple correlated watershed characteristics. 

PLSR models based on the first two components explained 66% of the variance in DOC 

concentrations in the spring survey, 33% in midsummer, 74% in the late summer, and 

70% in the early fall. Most of the explanatory power was associated with the first 

component (Figure 4.6), which explained 60%, 23%, 67%, and 62% of the variance in 

DOC concentrations in the four surveys, respectively. Furthermore, one-sigma and 

permutation tests (Mevik & Wehrens, 2007) recommended one-component models for 

early spring, late summer, and early fall. In the midsummer survey, the one- and two-

component models were not significant and two thirds of the variance in DOC remained 

unexplained. We, therefore, focused our interpretation on the first component of the 

early spring, late summer, and early fall surveys only. 
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Figure 4.6. Correlation plots for watershed characteristics (X) and stream DOC 
concentrations (Y) from partial least-squares regression (PLSR). 
Black data points represent watershed characteristics and the blue 
data point represents DOC concentration. 

Note: The squared distance of a data point from the origin (0,0) equals the % variance in X 
explained by the two-component model. The dashed grey and solid grey circles indicate 50% and 
100% variance explained, respectively. Component 1 and component 2 DOC sample sizes were 
57, 58, 59, and 59 for (a), (b), (c), and (d), respectively. One sigma and randomization tests 
suggest the MSm model was not significant and only the first component was statistically 
significant in ESp, LSm, and EFl. 

In early spring, late summer, and early fall PLSR component 1 correlations 

(Figure 4.6) and regression coefficients (Figure C.1) indicate that DOC concentrations 

decreased with maximum watershed elevation and precipitation and increased with 

temperature and growing season length (DD5) (Figure 4.6). PLSR component 1 was 

also consistently associated with high cover of wet forests (FW_TGC) and moderately 
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associated with small drainage networks (decreasing area, stream length, and drainage 

density variables). Watershed slope did not contribute much to PLSR component 1 

(Figure 4.6) or the overall regression (Figure S4.1). 

PLSR component 2 improved DOC predictions slightly, but not significantly 

(Figure 4.6). High DOC concentrations were observed in watersheds where their 

characteristics were highly correlated with PLSR components 1 and 2 (Figure 4.6). This 

suggests that high DOC concentrations could correspond with high VRM and a high 

perimeter-to-area ratio, as well as a low maximum elevation. Consistent with this, VRM 

had a high-ranking positive effect on DOC in the early fall and early spring surveys 

(Figure C.1). We interpret this top-right quadrant of the PLSR-component space as 

rugged lowland terrain with wet forests. Moderately high DOC was associated with the 

bottom right quadrant (high component 1, low component 2), which we interpret as flat 

lowland terrain. This quadrant had high correlations of topographic wetland proxies 

(TWI, MRVBF, Slope5) and low correlations for slope. Slope effects were weak in all four 

surveys, as were some direct measures of wetland cover such as AW (Figure C.1). 

Certain non-forested wetland cover variables (SW_TGC, SW, and TS) did not have 

strong positive effects on stream DOC in any season and in fact had negative effects on 

stream DOC in the early spring survey (Figure 4.6, Figure C.1). 

In our third modelling step, we used MLR to determine the strength (regression 

coefficient) and explanatory power (R2) of some specific measures of topo-climate, 

landcover, and landscape related variables in a simpler modelling framework using only 

a small number of predictors. The MLR results underscored the finding that maximum 

watershed elevation had a strong negative effect on DOC concentration across all 

surveys, particularly in late summer and early fall (Table 4.6). Area-normalized lake 

volume also had a negative effect in all surveys, with a somewhat stronger effect in 

midsummer. Terrain ruggedness (VRM) and wet forest cover (FW_TGC) had positive 

effects on DOC concentration in all surveys except midsummer. Overall catchment 

controls explained the most variation in DOC during late summer and early fall. In 

midsummer, less than a quarter of the observed variation in DOC was explained by the 

four watershed characteristics tested using MLR. 
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Table 4.6. Multiple linear regression models, with standardized regression 
coefficients, for predicting DOC concentrations based on four key 
watershed properties. For each Survey, all four variables were 
evaluated as candidate variables and a final model was selected 
based on an AIC model selection procedure. 

Survey Intercept Elev LakeVol VRM FW_TGC RSE DF R2 p-value 
Early spring –1.50 x 10-16 –0.37 –0.25 0.34 0.30 0.65 52 0.58 < 0.001 
Midsummer –6.97 x 10-17 –0.38 –0.34 NS NS 0.88 55 0.23 < 0.001 
Late summer –3.02 x 10-16 –0.59 –0.15 0.30 0.16 0.54 54 0.71 < 0.001 
Early fall 2.74 x 10-16 –0.49 –0.20 0.32 0.25 0.56 54 0.69 < 0.001 

Note: NS = not selected by the AIC stepwise procedure; RSE = residual standard error; DF = degrees of freedom; R2 
was adjusted for multiple predictors. Collinearity was evaluated by variance inflation factors (VIF) using a tolerance 
index of 5 (i.e., regression coefficients associated with a VIF > 5 may have inflated standard errors). 
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Discussion 

Our results suggest that seasonal and storm driven factors over time were more 

important in explaining variations in DOC concentrations than were catchment controls 

over space. DOC concentrations increased progressively from early spring through early 

fall. Low DOC concentrations in the spring storm likely reflected the effects of many 

months of cool winter temperatures and short daylengths (low net primary production 

and slow decomposition) combined with many months of heavy rainfall (high transport 

and dilution). High DOC concentrations during fall storms likely reflected flushing of DOC 

that had accumulated in shallow soil horizons during preceding warm and dry summer 

months. However, DOC yields were well correlated with water yields in all surveys 

indicating transport-limited DOC exports in all seasons. These seasonal changes in 

DOC concentrations and yields are consistent with mechanisms described in previous 

studies in the hypermaritime watersheds of the NPCTR (D’Amore et al., 2015; Fellman 

et al., 2009; Giesbrecht et al., 2022; Oliver et al., 2017). These findings are also 

consistent with the generality of DOC transport limitation across diverse ecoregions of 

North America (Zarnetske et al., 2018). In the hypermaritime NPCTR, we hypothesize 

that the degree of transport limitation increases seasonally from late winter through late 

summer as DOC production increases and transport decreases due to seasonally 

warmer temperatures and lower discharge. 

Maximum watershed elevation as a surrogate for complex 
controls on stream DOC 

Stream DOC concentrations also varied across watersheds indicating important 

spatial controls on the carbon cycle of hypermaritime watershed ecosystems. However, 

regarding hypothesis #1, mean watershed slope was a weak predictor of stream DOC, 

given the importance of this predictor in other studies (e.g., Connolly et al., 2018; 

D’Amore et al., 2016). Watershed slope clearly plays an important functional role in 

many processes that ultimately affect stream DOC in these streams (e.g., site drainage, 

SOM accumulation, and flowpath depth), even though the slope effect in our study 

seemed to be obscured by other watershed characteristics. Three distinct features of the 

hypermaritime landscape in BC may contribute to the weak effect of slope in our study. 

First, concentrated DOC could have leached from soil organic matter on hillslopes during 
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these runoff events. In other hillslope forests of this area, DOC accumulates in the upper 

soil profile and flushes to streams as the water table rises during rains (Gibson et al., 

2000). Significant soil organic matter content can be found on moderate slopes (Podzols 

and Folic Histosols) owing to the very wet climate (Oliver et al., 2017). Second, some 

areas of relatively flat terrain (rock outcrops and hilltops) in this landscape have 

surprisingly little soil organic matter content, low plant biomass (Banner et al., 1993; 

Banner et al., 2005), and presumably slow rates of primary production. The DOC 

leached from these sites could be more dilute than the DOC leached from equally flat 

sites with continuous peat or forest cover and more rapid primary production. Third, flat 

areas in wetland depressions with very high water-tables could yield diluted DOC during 

storms due to overland flow bypassing DOM source pools, a history of persistent 

leaching of the upper soil profile (supply limitation), and DOC respiration in small surface 

ponds (Gibson et al., 2000; Schiff et al., 1998). These mechanisms also suggest that 

slope might be a more important predictor in our study area at lower flows. Preliminary 

soil porewater sampling across a range of landscape units at the Kwakshua Watersheds 

Observatory provides some support for all three of these mechanisms. The lowest DOC 

concentrations were observed in soils of a gently sloping blanket bog with patchy cover 

of shallow mineral soil and in a pond margin fen in a valley bottom depression. By 

contrast, the highest porewater DOC concentrations were observed in hillslope sites with 

more forest and soil development (Giesbrecht et al., 2020). 

In contrast to the weak effects of slope, we found strong support for the 

hypothesis (i.e., hypothesis #2) that “[elevation] is a master variable that incorporates 

climatic, topographic, and edaphic effects on [aquatic] DOC” (Sobek et al., 2007, p. 

1212). In the case of these hypermaritime rainforest watersheds, elevation associated 

catchment characteristics important for controlling stream DOC included mean 

precipitation, temperature, growing-season length, cover of wetlands and wet forests, 

and indicators of water residence time and respiration potential (area, stream length, 

drainage density). Thus, maximum watershed elevation alone can be used to represent 

a complex combination of catchment controls. This easily calculated watershed 

characteristic offers great potential for simple predictive models of DOC concentrations 

in unsampled streams. In this study, we focused on maximum watershed elevation, but 

this predictor was highly correlated with average watershed elevation (r = 0.9); therefore, 

these two variables are likely interchangeable for modelling and interpretation. 
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Several mechanisms have previously been postulated to explain strongly 

decreasing aquatic DOC concentrations with increasing elevation of watersheds 

(Monteith et al., 2015) or lakes (Sobek et al., 2007). Correlation with landcover clearly 

suggests one mechanism; that is, wet forests and wetlands are abundant at low 

elevations while higher elevations have better drained forests with mineral soils and non-

forested ecosystems with lower SOC stocks. Sobek et al. (2007) discussed high 

precipitation as a mechanism for low DOC in high-elevation lakes. Specifically, lower 

DOC occurred at higher elevations because the production of soluble organic carbon – 

via primary production and microbial degradation – was low compared to water runoff. In 

their conceptual model, high precipitation at elevation led to a long-term reduction in the 

amount of leachable organic carbon in high-elevation soils. In catchments with 

significant mineral soils, Monteith et al. (2015) attributed the effect of mean watershed 

elevation on DOC to the “multiplicative” effects of low net primary production and low 

rates of temperature dependent decomposition at higher elevations. Plant growth at 

higher elevations becomes inhibited by cold air temperatures, frozen soil, snow, and 

wind exposure, for example. For wetland dominated catchments, Monteith et al. (2015) 

attributed additional low-elevation effects to wet soils, which were associated with (1) 

greater soil organic matter stocks; (2) lower respiration losses relative to lateral fluxes, 

and (3) more dynamic water tables due to lower precipitation and higher 

evapotranspiration. Increasing slope has also been suggested as a mechanism for 

elevation effects on DOC, with higher DOC in flat lowland terrain (Sobek et al., 2007). 

Landcover controls on DOC concentrations exported to the 
coastal ocean 

We did not find support for the hypothesis (#3) that wetland cover is the primary 

landcover control on stream DOC concentrations in the hypermaritime rainforest setting. 

The most important landcover variable (FW_TGC) is thought to represent both forested 

wetlands (e.g., “bog woodlands”) and a type of wet forest (the “bog forest” of Banner et 

al., 1993; Thompson et al., 2016) that does not meet a wetland definition in BC 

(MacKenzie & Moran, 2004). By contrast, the wetland variable (WW) that excluded these 

bog forests was never positively associated with DOC concentrations (Figure 4.5; Figure 

C.1). This suggests that wetlands alone were not the primary control on stream DOC 

concentrations. Furthermore, the cover of non-forested wetlands (TS, SW, TSD, TSS) 
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had either negligible or negative effects on stream DOC, during the runoff events we 

sampled. In the case of deeper peatlands (TSD), this could reflect persistently high 

water-tables (depleted supply) and shallow or preferential flowpaths that often lead to 

dilution of DOC from wetlands (Mulholland, 2003; Schiff et al., 1998; Zhu et al. 2022; 

Laudon & Sponseller, 2018). In the case of shallow minerotrophic blanket bogs (TSS), 

the lack of a positive effect on stream DOC could reflect low rates of primary production 

and low SOC stocks allowing for rapid depletion of accumulated DOC from soils. 

We found that high cover of wet forests (FW_TGC) was associated with high 

concentrations of stream DOC, even when controlling for the effect of elevation, lakes, 

and terrain ruggedness. A likely mechanism is the flushing of DOC from organic rich 

surface horizons of wet forest soils during rapid water table fluctuations associated with 

runoff events in small bog-forest watersheds (D’Amore et al., 2015; Emili & Price, 2013; 

Fellman et al., 2009; Oliver et al., 2017). This flushing process has been well described 

for hillslope forests in other regions (Mulholland, 2003; Schiff et al., 1998; Raymond & 

Saiers, 2010) and presumably happens more frequently in wet forests due to the higher 

baseline position of the water table. Unmapped cryptic wetlands can also be important 

sources of DOC runoff (Creed et al., 2003; Gorham et al., 1998) and were likely common 

under the canopy of the wet forest (FW_TGC) stands. 

Surprisingly, DOC also increased with the cover of drier forests (DF_TGC), 

although the mechanism of this association is unclear. The DF_TGC landcover type 

represents forests on ridge and crest topographic positions with low topographic 

wetness index (Thompson et al., 2016). While hillslope forests in the hypermaritime 

rainforest have been identified as major DOC sources to streams (Gibson et al., 2000), it 

is surprising that a drier forest type (DF_TGC) increased DOC while a wetter forest type 

(FF_TGC) decreased DOC. One possible explanation is that the DF_TGC site type had 

shallower soils and thus shallower flowpaths than the FF_TGC type. Alternatively, rather 

than being a major DOC source itself, DF_TGC cover may have indicated broader shifts 

in watershed structure from flat terrain with open wetlands and bedrock (dilution 

potential) to steeper more rugged terrain with more closed and productive forest 

(flushing potential). 



 

172 

Terrain ruggedness as a predictor of DOC 

Further research is needed to confirm the mechanism responsible for the 

statistical link between watershed VRM and stream DOC. The vector ruggedness 

measure (VRM; Sappington et al., 2007) distinguishes areas of steep and broken 

(rugged) terrain from areas of steep and even terrain. From a hydropedological 

perspective, watersheds with high VRM should have a fine-grained mosaic of highly 

contrasting landscape units located in close proximity: water shedding hillcrest positions, 

short-steep slopes, and small depressions. We hypothesize that rugged terrain tends to 

rapidly shed new precipitation onto short-steep slopes, promoting rising water tables and 

flushing of DOC from the upper soil profile on hillslopes. This is similar to the “high water 

throughput” mechanism suggested by Gannon et al. (2015) to explain high DOC 

leaching from hillslope forests (with similarly podzolic soils) below bedrock outcrops. 

Furthermore, we hypothesize that watersheds with rugged terrain have high hydrologic 

connectivity: many dispersed patches of poorly drained micro-terrain develop organic 

rich soils (including cryptic wetlands) and become easily connected to streams via the 

dense drainage network created by rugged terrain. A final possibility is that rugged 

surface topography simply indicates thin mineral soils, which could promote DOC 

leaching due to shallow flow paths with low adsorption potential. The underlying bedrock 

of the study area is clearly hummocky (rugged) in many locations and this is most 

pronounced in the absence of thick sediment accumulations (e.g., glacial till, colluvium, 

or alluvium). An earlier study of seven watersheds in this area found a negative 

association between DOC concentrations and average mineral soil thickness (Oliver et 

al., 2017). 

Lakes as regulators of DOC transport to the coastal ocean 

In our study, DOC concentrations decreased with increasing normalized lake 

volume and with increasing lake area. These findings are consistent with hypothesis #4 

and the widespread effects of aquatic residence time on DOC decay rates and loss from 

watersheds (Catalán et al., 2016; Evans et al., 2017). A study in Michigan found the 

simple presence of upstream lakes reduced stream DOC concentrations but increasing 

lake cover was not a strong predictor of DOC, possibly because even small lakes 

increased residence time enough to exhaust the removable DOM (Larson et al., 2007). 



 

173 

In our study area, perhaps the supply of removable DOM is not as easily exhausted. 

Regardless, our findings suggest that the lake cover plays an important role in mediating 

the flux of terrestrial organic carbon to the atmosphere and the ocean, similar to the 

conclusion of Algesten et al. (2003) in the Boreal landscapes of Sweden. An earlier 

study of seven watersheds in our study area showed decreasing stream DOC yields and 

less-allocthonous DOM with increasing watershed lake cover (Oliver et al., 2017). While 

most streams in this study area likely act as passive pipes due to short residence times 

(Casas-Ruiz et al., 2017; Cole et al., 2007; Raymond et al., 2016), it appears that 

increasing lake cover can cause watersheds to become more active reactors due to 

longer residence times and perhaps increased water temperatures. This suggests that 

the carbon budgets of NPCTR watersheds could be improved by incorporating the 

process of DOC loss in lakes. 

Watershed controls on DOC concentrations in the 
hypermaritime rainforest 

This study in the hypermaritime watersheds of BC allows us to explore how far 

statistical models of DOC concentrations can be extended across the larger NPCTR 

region. To explore this question, we draw from two other studies of catchment controls 

on stream DOC in the NPCTR, including locations further north and further south. First, 

Chapter 3 of this thesis considered a much wider range of the climatic conditions found 

across the NPCTR region and found DOC decreased rapidly with increasing elevation, 

but the magnitude of this effect depended on watershed climate (e.g., MAP). By 

contrast, in the much narrower range of climatic conditions (and elevations) observed in 

the present study, the elevation effect did not clearly depend on the climate (MAP). This 

suggests that at a relatively local scale, climate and elevation are highly correlated 

controls whereas over regional scales they act as separate, interacting effects on stream 

DOC concentrations. While this may be expected, it suggests that both topography and 

climate must be considered when extrapolating beyond local scales. 

As a second comparison, we look to a study of DOC concentrations in streams of 

Southeast Alaska (SEAK), which examined one round of spring samples and one round 

of fall samples across approximately 60 watersheds spanning a much larger geographic 

area (D’Amore et al., 2016). Specifically, in the SEAK study, Slope5 – which was 

calculated in the same way in the present study – was the best predictor (R2 = 0.52 to 
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0.59 in single variable models), while maximum watershed elevation alone had a 

maximum R2 of only 0.39. There are several potential reasons why maximum watershed 

elevation was relatively more important than Slope5 in our study compared to SEAK. For 

example, as suggested above, climate could have interacted with elevation over the 

larger geographic extent of the SEAK study. Furthermore, the Calvert watersheds were 

much smaller (mean 209 ha vs. 2,231 ha respectively), steeper (mean 18.3º vs. 13.8º, 

respectively), and had a much narrower range of Slope5 values (0 to 50% vs. 1 to 91%, 

respectively). Slope5 may have had less explanatory power in the Calvert study because 

the area simply lacked the very flat catchments (> 50% Slope5) that had the highest 

DOC concentrations in SEAK. It is also possible that slope becomes a more important 

control on stream DOC as watershed size and thus residence time increases or in the 

cooler and wetter climatic conditions toward the north. Given the contrasting findings 

between watersheds of SEAK and BC, more research is needed to evaluate scale or 

context dependent catchment controls on DOC (e.g., Sobek et al., 2007; Xenopoulos et 

al., 2003) in this region. 

Watershed controls on DOC depend on seasons and storms 

We found mixed support for hypotheses #5. Our findings suggest that the major 

controlling variables were the same in both spring and fall, yet model details varied in 

potentially important ways. Maximum watershed elevation was the most important 

predictor in three of four seasons while DOC concentrations were further modified by 

wet forest cover, lakes, and terrain ruggedness. The elevation effect was most 

pronounced in the late summer and early fall. Despite lower flows during the late 

summer and early fall storms than the spring storms, DOC increased dramatically at low 

elevations (Figure 4.4). Thus, we hypothesize that antecedent warm summer 

temperatures, rather than high event-flows, cause particularly strong elevation effects in 

late summer and early fall. Antecedent warm temperature (i.e., the summer season) 

potentially leads to a large buildup of leachable DOM in low-elevation ecosystems which 

become exhausted by spring, leading to a weaker elevation effect on stream DOC. This 

hypothesis is consistent with studies showing the effect of wetland cover on DOC 

increased from winter/spring to summer/fall (Gorham et al., 1998; Mulholland, 2003). 

However, new research with greater within-season replication is needed to further 

characterize seasonal dependence of catchment controls on stream DOC 

concentrations in the NPCTR. 
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A conceptual model of spatial controls on DOC concentrations 

Taking our analyses together we developed a conceptual model of catchment 

controls on storm DOC concentration across very small (<~ 20 km2) hypermaritime 

rainforest watersheds (Figure 4.7). We suggest that spatial variations in stream DOC 

concentrations at this scale are primarily controlled by maximum watershed elevation 

and certain watershed characteristics that correlate with elevation. Elevation directly 

controls key aspects of climate that influence primary production, decomposition, and 

respiration, and thus dissolved organic matter production and leaching, as well as 

dilution. Maximum watershed elevation also indicates hydrological properties that in turn 

control DOC sources and losses, including soil moisture (e.g., wet forest cover) and 

water residence time (i.e., time spent in the watershed). In addition to these elevation 

related effects, stream DOC concentrations increase with the ruggedness of the terrain 

and the cover of wet forests at a given watershed elevation. These correlations likely 

indicate that DOC is derived from diverse and dispersed landcover types that become 

hydrologically connected to the stream network during rain driven runoff events. The 

underlying mechanisms of this ruggedness effect are unclear but could involve soil depth 

and hydrological connectivity. In this conceptual model, increasing lake cover reduces 

stream DOC concentrations by increasing water residence time and thus active 

processing of DOC during transit through the catchment. 
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Figure 4.7. Conceptual model of major spatial controls on stream DOC 
concentrations across hypermaritime watersheds. 

Note: The yellow to umber colour gradient and the dashed arrow represent increasing DOC 
concentrations. The large italicized font highlights the three extremes of topo-climatic watershed 
characteristics and associated DOC concentrations: mountainous watersheds with low DOC in 
streams, flat lowland watersheds with high DOC, which can be modified by landcover, and 
rugged lowland watersheds associated with the maximum DOC concentrations. The smaller font 
indicates particularly important landcover types (inside the black box) and watershed spatial 
gradients (outside the black box). 

We suggest that this conceptual model is directly applicable to storm driven 

runoff events in very small watersheds of the Northern Rain Hills and Rain Lowlands 

type watersheds of the NPCTR (Giesbrecht et al., 2022) and could be relevant in other 

hypermaritime temperate rainforests in the NPCTR and globally. However, the fitted 

model parameters (i.e., slope and intercept) for our regression models are expected to 

be climate dependent and therefore vary within and among regions. We also expect that 

these model parameters will vary with season (antecedent temperature and moisture) 

and storm magnitude. The relative importance of different landcover types can also vary 

between the rising and falling limb of a storm hydrograph (McGlynn & McDonnell, 2003). 

The falling limb conditions we sampled can favour runoff from hillslope sources relative 
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to runoff from riparian sources that might dominate early on the rising limb (McGlynn & 

McDonnell, 2003). 

Our conceptual model suggests that hypermaritime watersheds with a mix of 

forest and wetland leach more concentrated DOC than watersheds dominated by non-

forested wetlands. Similarly, watersheds with high aboveground biomass (TAGB) or low 

TAGB had lower DOC than watersheds with intermediate TAGB. We hypothesize that 

DOC concentrations peak in locations with an intermediate level of terrestrial primary 

production, forest biomass, and evapotranspiration (e.g., in wet forests). In high TAGB 

watersheds, we suggest that soils tend to be well drained and mineral dominated such 

that SOM does not accumulate in the wet (low oxidation) soils, and the DOC that is 

generated is readily adsorbed to mineral particles due to deeper flowpaths. In 

watersheds with very low TAGB, we hypothesize that photosynthesis is too low to keep 

up with the diluting effect of high precipitation and that shallow/overland flow paths 

dominate during storms, bypassing any deeper SOM pools that may be present. 

Accordingly, we would expect a change in the biomass-DOC relationship during 

baseflow. 

Future research priorities 

More research is needed to quantify the effect of hypermaritime landcover on 

stream DOC exports across seasons and storms. In the context of climate change, more 

needs to be done to decouple the mechanisms of the strong elevation effect, given that 

the climate is changing but topography will remain comparatively constant. Furthermore, 

while the major spatial controls were consistent between spring and fall, model details 

varied enough among seasons to suggest that future predictive modelling should 

account for seasonal and storm driven changes in watershed controls. 

Some specific research priorities include evaluating the role of soil depth, 

hydrological connectivity, and primary production in generating DOC export and the 

observed associations between DOC concentrations and watershed characteristics. 

From a process-based perspective, we need to determine how the landscape mosaic 

affects rates of DOC production, storage, and transport to streams. These rates are 

likely determined by the net primary production of plants (new organic carbon), 

decomposition of soil organic matter (older organic carbon), and organic matter 
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stabilization processes such as adsorption to mineral soils. High resolution soil maps 

should help but rate information is also needed either from process-based field studies 

of key units in the landscape mosaic or process-based catchment models that can be 

calibrated with “black box” observations at stream outlets. Process-based models and 

time-series analyses of stream DOC could also be used to elucidate the dependence of 

DOC concentration-discharge relationships (i.e., flushing vs. diluting events) on 

antecedent temperature, antecedent moisture, event size, and catchment characteristics 

(e.g., Winterdahl et al., 2016). Ultimately, this type of process-knowledge will enable 

society to better anticipate how carbon cycling will respond to the changing climate in 

this global hotspot of DOC runoff. 
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Conclusion 

Understanding catchment controls on lateral fluxes of DOC from terrestrial 

ecosystems is both important and challenging in physiographically complex landscapes. 

Our study suggests that watershed elevation is a key factor influencing DOC 

concentrations among hypermaritime rainforest streams. Our study also highlighted the 

merits of considering the combined effects of multiple correlated predictors. This 

exploratory approach led to new insights and questions about the mechanisms 

controlling the carbon cycle of hypermaritime watersheds. However, very simple 

measures of watershed topography, climate, and lake cover performed quite well for 

prediction. Recommended predictors for DOC modelling in this region include watershed 

maximum elevation, watershed climate, lake cover, and landcover measures that include 

both wet forests and forested wetlands. From a conceptual perspective, our findings 

support the emerging view that forests play an important role in supplying DOC to 

streams and connecting key compartments of the coastal carbon cycle along rainforest 

margins. Furthermore, stream DOC concentrations depend on climate-related watershed 

characteristics and seasonal changes in weather. As such, we expect that temporal 

changes in climate and the bog-forest mosaic will influence watershed scale functions 

such as metabolism of organic matter and lateral fluxes of terrestrial carbon to the 

coastal ocean. 
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Chapter 5. Conclusion  

In this thesis I examined spatial controls on watershed ecosystems at the coastal 

margin of a large and diverse region with a rainforest climate. I found strong linkages 

between watershed characteristics and riverine responses at multiple spatial scales and 

used these linkages to study the entire population of coastal watershed ecosystems 

between Southeast Alaska and Northern California. Taken together, the three 

substantive chapters showed that the population of primary watersheds in this region 

was characterized by a high level of spatial heterogeneity, of both watershed 

characteristics and riverine responses. This diversity of watershed-ecosystem 

characteristics was observed at multiple spatial scales – regional (Chapter 2), meso 

(Chapter 3), and local (Chapter 4) – largely owing to the physiographic complexity of this 

region. In particular, the glaciated and mountainous areas of the rainforest region often 

showed dramatic change in watershed-ecosystem characteristics over short distances. 

These findings highlight the shortcomings of conceptual and predictive models that 

assume homogeneity of small coastal watersheds. For example, extrapolating the 

riverine processes observed in one study watershed to a (dissimilar) watershed nearby 

may generate significant bias, despite spatial proximity. This finding reinforces a 

longstanding perspective from landscape ecology: “Because the spatial heterogeneity of 

many ecosystem processes is not well known, the extrapolation of site-specific 

measurements to regional scales is difficult” (Turner, 1989, p. 188). Here, I have 

explored conceptual and methodological frameworks that may begin to address this 

difficulty in the case of coastal watershed ecosystems. More specifically, I conducted 

three studies that each sought to improve our ability to predict and understand the 

spatial heterogeneity of coastal watershed ecosystems. 

Spatial controls on small coastal watershed ecosystems 

Watershed classification proved to be a useful tool for conceptualizing and 

modelling the spatial heterogeneity of coastal watershed ecosystems (Chapter 2 and 

Chapter 3). The simple classification-based models used in these studies allow for a first 

approximation of riverine water quantity and quality across all the primary watersheds of 

a given regional-scale (Chapter 2) or meso-scale area (Chapter 3), including thousands 

of unsampled or ungauged watersheds. There are, of course, a number of limitations on 
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the accuracy of such models. On the other hand, distilling the vast spatial complexity 

among- and within-watersheds into a few broadly homogeneous types of watersheds 

can aid comprehension, communication, and conceptual development (e.g., McDonnell 

& Woods, 2004; Sivakumar et al., 2015). The spatial mosaic approach of simplifying 

complex spatial gradients into discrete patch types has led to many conceptual 

advances in the spatial ecology of terrestrial (Pickett & Cadenasso, 1995; Turner et al., 

2005) and aquatic ecosystems (e.g., Sorranno et al., 2010) and may do likewise for 

whole-watershed ecosystems. 

Complimentary to the classification-based approach to understanding spatial 

controls on watershed ecosystems, this thesis also generated new insights by using 

regression-based approaches to quantify continuous catchment-scale relationships 

between watershed characteristics and riverine water quality (Chapter 3 and Chapter 4). 

For instance, a model based on maximum watershed elevation and mean annual 

precipitation explained the vast majority of spatial variation in DOC concentrations and 

other aspects of riverine water quality over two inlet-to-island transects (Chapter 3). 

Compared to the classification-based approach, the regression approaches allowed a 

more finely resolved understanding of the relationships between water quality and 

specific controlling factors. For example, in Chapter 3, I was able to show how climate 

and topography interacted to control river biogeochemistry in the transition between 

Perhumid and Seasonal rainforest. These findings highlight the importance of the long-

term climate regimes in determining the quality of riverine exports from non-mountainous 

watersheds. Finally, the regression approaches explained a great deal of spatial 

heterogeneity among very small watersheds in the DOC concentration hotspot of the 

region (Chapter 4). Consequently, I was able to identify specific landcover types involved 

in controlling the spatial variation of DOC concentrations among watersheds of this 

global hotspot of DOC yields (Oliver et al., 2017). In particular, this work highlighted the 

importance of wet forests and forested wetlands as sources of DOC to the coastal ocean 

(Chapter 4). 

Climate and topography emerged as key controls on many aspects of riverine 

water quantity and quality at all three scales. At the regional scale in Chapter 2, climate 

and topography were important for distinguishing watershed types, which had 

contrasting streamflow regimes and DOC concentration dynamics. Much of the regional 

variation in watershed ecosystems – including watershed characteristics, streamflow 
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regimes, and DOC concentrations – was associated with a latitudinally-oriented climate 

gradient (evapotranspiration and temperature) and a longitudinally-oriented topographic 

gradient, from flat lowlands to steep mountains. At this regional scale, I hypothesized 

that mean annual precipitation interacted with thermal and topographic gradients to 

structure the spatial pattern of watershed-ecosystem types. This interaction was re-

affirmed at the meso scale in Chapter 3, where many aspects of riverine water quality 

varied with the interaction of watershed topography and climate, owing to the 

rainshadow effect on part of the study area. At the local scale in Chapter 4, watershed 

topography and climate were highly correlated, working together to control stream DOC 

concentrations entering the ocean. Taken together, these findings suggest that climate 

and topography together act as first order controls on the spatial pattern of riverine water 

quality across multiple scales of the coastal margin. Other spatial factors such as 

lithology (Chapter 3), lakes (Chapter 4), and contemporary anthropogenic effects 

(Chapter 3) were identified as important secondary controls that require further study. 

Maximum watershed elevation, in particular, emerged as a powerful surrogate 

measure for multiple factors that control riverine water quality, particularly DOC (Chapter 

2, Chapter 3, and Chapter 4) and water quality parameters associated with DOC (e.g. 

DON and Fe; Chapter 3). The effect of watershed elevation on riverine DOC in the 

NPCTR appears to be correlated with, but not entirely explained by, watershed slope. 

Various measures of watershed slope were relatively weak predictors of DOC 

concentrations in Chapter 2, Chapter 3, and Chapter 4. While the findings of this thesis 

are not inconsistent with the widespread importance/use of watershed slope as a 

predictor (Connolly et al., 2018; D’Amore et al., 2016; Edwards et al., 2021; Mulholland, 

1997), they do suggest consideration of watershed elevation as a more integrative and 

powerful predictor in some settings. 

The powerful surrogate function of elevation-related predictors of DOC 

concentrations has been recognized in other studies of aquatic ecosystems. For 

example, Sobek et al. (2007) described lake elevation as “a master variable that 

incorporates climatic, topographic, and edaphic effects on lake DOC” (p. 1212). Monteith 

et al. (2015) attributed a strong effect of mean catchment elevation on DOC 

concentrations in lakes and streams to differences in primary production and 

decomposition. Consistent with these studies, I hypothesize that the strong link between 

maximum elevation and riverine DOC concentrations in the NPCTR is caused by the 
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combination of all of these factors – topography, climate, soil moisture and nutrient 

conditions, and primary production and decomposition rates – as well as water 

residence times. Several measures of catchment topography are related to watershed 

elevation, including maximum elevation, relief, mean elevation, and various measures of 

watershed slope. I hypothesize that maximum watershed elevation, specifically, is 

particularly useful as a predictor for streams of primary coastal watersheds because in 

this setting maximum elevation equates to relief and correlates with slope. These 

relationships would be expected to weaken in more continental subcatchments that 

terminate well above sea-level. For example, two continental subcatchments with the 

same (high) maximum elevation could have very different slope and thus DOC 

concentrations. 

The work presented in this thesis also suggested that the spatial mosaic of 

patches within a watershed can affect the function of that watershed ecosystem (Turner, 

2005). I take varying DOC concentrations as an indicator of several ecosystem functions 

including terrestrial-aquatic ecosystem connectivity, ecosystem metabolism, and CO2 

efflux rates. Watersheds with more wet-forest cover had higher DOC concentrations and 

watersheds with greater lake cover had reduced DOC concentrations (Chapter 4). In 

addition to reaffirming the role of landcover proportions in shaping the biogeochemical 

character of a watershed, I found that an indicator of topographic heterogeneity (terrain 

ruggedness) was positively associated with DOC concentrations, possibly indicating 

greater hydrological connectivity of diverse DOC source-patches. I also hypothesized 

that DOC concentrations peak at some intermediate level of terrestrial primary 

production and forest biomass. 

Beyond the simple proportions of landcover elements, landscape ecologists are 

often interested in knowing if the spatial arrangement of patches within watersheds 

affects watershed functions (Turner, 1989). For example, riparian zones – long linear 

patches arranged in close proximity to streams – can play a disproportionately large role 

in regulating stream biogeochemistry in many watersheds (Dosskey & Bertsch, 1994; 

Laudon & Sponseller, 2018; Tank et al., 2018). On the other hand, geographically 

isolated wetlands can also have a disproportionate influence on a range of landscape 

functions (Cohen et al., 2016). While I did not explicitly test for the effect of spatial 

arrangement, a great deal of spatial variation in DOC concentration among watersheds 

was explained without this type of information (Chapter 3 and Chapter 4) suggesting 



 

195 

spatial arrangement was not the dominant control on water quality in this study. Rather, I 

hypothesize that even widely dispersed DOC sources became laterally connected to 

streams during runoff events. The “fill-and-spill” hypothesis of hillslope runoff, for 

example, suggests that subsurface depressions in the mid- and upper-hillslope fill (with 

water) and water spills over subsurface microtopographic barriers, leading to subsurface 

connectivity of hillslope and stream and to a large increase in subsurface stormflow 

(Tromp-Van Meerveld & McDonnell, 2006). The shallow forest soils and high water-

tables of hypermaritime rainforests may promote such a high degree of hydrological 

connectivity that the spatial arrangement of DOC source patches becomes relatively 

unimportant in determining how much DOC reaches streams during storms. 

Emergent functions of coastal watershed diversity 

The concept of a spatial mosaic has long been used by landscape ecologists in 

their efforts to understand the reciprocal interactions of spatial patterns and ecological 

processes (Levin, 1992; Pickett & Cadenasso, 1995; Turner, 1989). This approach to the 

study of ecosystems explores spatial heterogeneity as a cause of collective and 

emergent (Salt, 1979) landscape-scale functions. In this thesis, landscape ecology 

concepts and the spatial mosaic framework proved useful for characterizing the spatial 

heterogeneity of coastal watershed ecosystems and imagining how such spatial mosaics 

might function at larger scales. I suggested the more recent meta-ecosystem 

terminology (Loreau et al., 2003) as a way to define interconnected sets of watershed 

ecosystems (Borman & Likens, 1967) and nearshore ecosystems2, drawing on the well-

established ideas of landscape ecology (Levin, 1992; Pickett & Cadenasso, 1995; 

Turner, 1989) and ideas related to the land-ocean aquatic continuum (Aufdenkampe et 

al., 2011; Xenopoulos et al., 2017). I refer to these interconnected ecosystems as land-

ocean meta-ecosystems, following St. Pierre et al. (2022). Here I develop the idea 

further, suggesting some testable hypotheses about the relationship between the 

structure and the function of land-ocean meta-ecosystems. 

The case of Bristol Bay Alaska offers a concrete example of a land-ocean meta-

ecosystem in which meso-scale structure confers meso-scale function. In this case, the 

                                                 
2 I use the term nearshore ecosystem in a broad sense to refer to any marine water body 
potentially affected by watersheds along the shore. 
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presence of diverse types of salmon habitat across multiple watersheds (i.e., meso-scale 

structure) has led to salmon population resilience over a long period of time and 

environmental change (i.e., meso-scale function) (Hilborn et al., 2003). With greater 

population diversity and life-history diversity, one stock can thrive when another is 

depleted: a portfolio effect that reduces overall variance of the resource (Schindler et al., 

2010). The interannual variability of sockeye returns decreased with an increase in the 

scale of observation and the degree of spatial complexity, from streams, to rivers, to the 

overall Bristol Bay complex. In addition to population resilience arising from habitat 

diversity, in Chapter 3 I explored other types of collective and emergent functions that 

might arise from certain spatial combinations of watershed ecosystems and nearshore 

ecosystems. More specifically, I hypothesized that the spatial mosaic of water quality 

regimes might affect meso-scale biodiversity and carbon cycling. For example, the 

biological diversity of a fjord (or an inlet-to-island complex) might be expected to 

increase with the number of different types of river plumes present (e.g., turbid vs. clear 

vs. humic stained). On the other hand, fjords highly dominated by a single type of river 

plume (e.g., turbid) might be expected to have higher abundance of the species that do 

well in those conditions. 

In some cases, the emergent functions of a land-ocean meta-ecosystem must 

depend on the magnitude (i.e., connectivity) and timing of freshwater runoff, in addition 

to riverine water quality. At an even broader (pan-Arctic) scale, Carmack et al. (2015) 

envisioned a spatially contiguous Riverine Coastal Domain in the coastal ocean, whose 

intensity “is seasonally dependent upon the magnitude and timing of coastal 

discharge…” (p. 19). This thesis (Chapter 2) demonstrated a wide range of streamflow 

magnitudes and timings along the coast of the NPCTR, which were associated with – 

and to some extent explained by – watershed types. The presence of two contrasting 

streamflow regimes (e.g., pluvial and glacier-supported nival) in a given coastal zone 

(e.g., a fjord) could lead to a temporally stable freshwater export to the coastal ocean, 

assuming similar magnitudes. Other the other hand, the presence of a single streamflow 

regime would generate a more seasonally variable freshwater effect in the Riverine 

Coastal Domain. This could partly explain why Rivers Inlet, with a mix of rain-fed, snow-

fed, and glacier-fed watersheds, shows a watershed-dominated source contribution to 

ocean-surface POM in both winter and summer while outer-coast (rain-fed) ocean 

waters only have a watershed-dominated source contribution in winter (St. Pierre et al., 
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2022). Theoretical and empirical models could be developed to more specifically predict 

how emergent functions of land-ocean meta-ecosystems and the Riverine Coastal 

Domain depend on the spatial structure and hydrological character of coastal 

watersheds. 

More broadly, hypothesized emergent functions of land-ocean meta-ecosystems 

could include enhanced biological diversity, population resilience, adaptive capacity, 

cross-ecosystem subsidies, and carbon sequestration. Important aspects of spatial 

structure could include the degree of watershed heterogeneity, the proportions of 

specific watershed types known to confer a specific coastal function, the spatial 

proximity of watershed outlets, or the magnitude of spatial flows. For example, all other 

things being equal, does the high watershed heterogeneity and high runoff characteristic 

of coastal BC (Chapter 2 and 3) confer greater ecological diversity, resilience, or 

terrestrial carbon subsidies, compared to the coast of Oregon and northern California 

where watershed diversity and runoff is low? Under what conditions are watershed 

effects overwhelmed by broader ocean-driven or climate-driven coastal processes (e.g., 

marine heatwave or upwelling; Bianchi et al., 2020)? We know that the coalescing of 

river plumes affects the spatial pattern of plume spreading, particularly among small 

coastal watersheds (Warrick & Farnsworth, 2017). Does the mixing of sediment-rich 

plumes and DOC-rich plumes result in a different carbon fate than if the same plumes 

did not coalesce? Future work is needed to determine the shape of potential 

relationships between the spatial structure and the emergent function of such land-

ocean meta-ecosystems over regional gradients. Efforts to test these meso-scale 

hypotheses could benefit from the kind of spatially-explicit ecosystem characterizations 

developed in this thesis. 

Climate change and coastal watershed ecosystems 

The importance of climatic controls on the spatial pattern of watershed hydrology 

suggests the spatial mosaic of runoff regimes can be expected to change dramatically 

with climate change and associated dynamics, such as glacial retreat. Watershed export 

from glacial runoff is expected to decrease through the deglaciation process, following a 

transitory “peak water” period expected between 2020 and 2040 (Clarke et al., 2015) if 

not sooner in some watersheds (Moore et al., 2020). The runoff predictability associated 

with meltwater flows is expected to be replaced by the runoff stochasticity associated 
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with rain-driven flows (Moore, 1992; Milner et al., 2017). The large water storage 

capacity of snow and ice in the small coastal watersheds of this region (Chapter 2) is 

predicted to diminish dramatically, leaving freshwater runoff timing that is more closely 

coupled with the timing of rainfall (i.e., more in fall/winter, less in summer) (e.g., Beamer 

et al. 2017; Schnorbus et al., 2014; Shanley et al. 2015; Stahl and Moore, 2006). 

As a result of these climate induced changes, we can expect a major reduction in 

the spatial heterogeneity of streamflow regimes, with increasing dominance of pluvial 

regimes and pluvial-dominant hybrid regimes. At the same time, pluvial regimes are 

expected to become more seasonally extreme as summer precipitation decreases (i.e., 

lower low-flows) (Schnorbus et al., 2014) and atmospheric rivers increase (i.e., higher 

high-flows) (Curry et al., 2019; Radić et al., 2015; Spry et al., 2014). This set of changes 

can impact the coastal ocean in many ways, potentially reducing the strength and size of 

the Riverine Coastal Domain (Bidlack et al., 2021). New research is needed to 

determine how these hydrologic changes will impact the emergent functions of land-

ocean meta-ecosystems in a spatially explicit regional framework. 

A spatially explicit model of watershed-ecosystem mosaics may also prove useful 

for understanding long-term climate-induced changes in riverine water quality and 

associated ecological functions across such a spatially complex region. In glacierized 

type watersheds, which are comparatively well studied in this regard, we can expect a 

long-term shift from water quality dominated by physical processes (e.g., cold and stable 

temperatures, high turbidity, and high inorganic phosphorous) to water quality dominated 

by biological processes (e.g., primary production and respiration of terrestrial organic 

matter) (Chapter 3; Hood & Berner, 2009; Milner et al., 2007; Filippelli et al., 2006; 

Moore et al., 2009). Numerous ecological changes can be expected as a result (Milner 

et al., 2017), with impacts on diverse taxa ranging from benthic diatoms (e.g., Brahney et 

al., 2021), to macroinvertebrates (Bellmore et al., 2022), to salmon (Bellmore et al., 

2022; Pitman et al., 2020). 

In addition to slow and steady changes caused by long-term change in average 

weather, climate change can trigger rapid changes that may also impact riverine water 

quality. The glacierized mountain watersheds of the NPCTR (Chapter 2 and Chapter 3) 

may be particularly prone to such extreme events due to the combination of retreating 

glaciers and steep-mountainous terrain. For example, a recent (November 2020) glacial 
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lake outburst flood in one of my study watersheds (the Southgate watershed) triggered a 

hazard cascade that extended from the headwater-glacier to the deep ocean waters, 

and the bottom sediments, of Bute Inlet (Geertsema et al., 2022). In addition to the 

extreme but temporary hydrological impacts of the initial event, the outburst flood caused 

a redistribution of fine sediments that had a sustained impact on riverine turbidity for at 

least the rest of the winter (Giesbrecht et al., 2021a). In June of the following summer 

(2021), an extreme heatwave caused rapid melting and record flooding, which in turn 

produced an extreme turbidity event (Hakai Institute and Water Survey of Canada; 

unpublished data). Outside of my thesis, I continue working with the Hakai Institute, the 

Homalco First Nation, and other partners to monitor water quality and to evaluate the 

resilience and potential recovery of this system. This anecdote of rapid and recent 

change in Bute Inlet points to the importance of studying changes to both the average 

hydro-biogeochemical regime of a watershed ecosystem and changes to the frequency, 

magnitude, and timing of extreme events. 

Compared to cold and mountainous watersheds, the future of riverine water 

quality seems to be less well studied in rain-dominated watershed types (Chapter 2). 

Stream temperatures are known to be highly sensitive to air temperatures in rainfed 

streams (Fellman et al., 2014), which tend to experience the lowest flows in the warmest 

months (Chapter 2). Consequently, periods of high stream temperatures and low flows 

can lead to reduced salmon survival and delayed upstream migration, even in intact 

temperate rainforest watersheds (Atlas et al., 2021). The impact of climate change on 

carbon stocks and fluxes is less clear. For instance, the large soil organic carbon stocks 

of the northern NPCTR (McNicol et al., 2019), where rain-dominated watershed types 

are widespread (Chapter 2 and 3), are sensitive to increasing precipitation and warming 

temperatures, yet the impact of climate change on DOM in streams remains uncertain 

(Fellman et al., 2017). My findings of strong climatic controls on dissolved organic matter 

concentrations over spatial gradients (Chapter 3 and Chapter 4) suggest a sensitivity to 

climate change. In boreal forests of Canada’s east coast, climate change (warmer 

temperatures and higher precipitation) is expected to increase DOC yields from organic 

soil horizons due to increased primary production and litter inputs (Ziegler et al., 2017). 

Reduced snowpack duration may also play a role by increasing DOC mobilization from 

soils (Bowering et al., 2022). However, equivalent studies have yet to be conducted in 
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the NPCTR leaving important knowledge gaps regarding the future of carbon stocks and 

fluxes in this region (Bidlack et al., 2021). 

The anticipated impacts of climate change on watershed ecosystems of the 

NPCTR adds to the large body of evidence the Intergovernmental Panel on Climate 

Change has compiled to justify recommending major mitigation and adaptation efforts 

(Parmesan et al., 2022). Despite international agreements to limit warming, mitigation 

progress lags behind targets. While more rapid mitigation is needed to limit warming to 

1.5 ºC or 2.0 ºC, major climate change is already locked-in, making it necessary to begin 

major adaptation processes too. One approach to climate adaptation for watershed 

management is to maintain and restore other critical aspects of watershed health 

thereby encouraging system resilience and adaptive capacity. This means we need to 

implement the well-established principles and best-practices of ecosystem-based 

(watershed) management including: establishing well-distributed reserves, retaining 

enough (old and mature) forest cover to maintain critical hydrological and ecological 

functions, protecting wetlands and headwater streams, protecting hydro-riparian 

corridors, maintaining landscape connectivity, limiting/deactivating resource roads, 

preventing excess pollution from point sources and nonpoint sources, maintaining 

sufficient (environmental) flows, and allowing the processes of natural disturbance to 

unfold (e.g., floodplain dynamics and ecosystem-engineering by beavers) (Coast 

Information Team [CIT], 2004a; CIT, 2004b; Furniss et al., 2010; Lane et al., 2022; 

Lapointe et al., 2014; Parmesan et al., 2022; Schneider, 2010). Watershed restoration 

can be tried where the legacies of past decisions have left watersheds in a degraded 

state today (Beechie et al., 2010; Furniss et al., 2010; Parmesan et al., 2022). Some of 

these climate adaptation ideas are discussed further in the context of the management 

implications of this thesis. More broadly, climate change adaptation needs to become a 

central consideration in all aspects of watershed governance. 

Implications for management 

Resource and environmental management problems are highly complex, with 

science playing but one important role in the search for sustainability. Failures of 

resource management institutions are common, sometimes arising because of problems 

with science, but often reflecting much more complex causes (Acheson, 2006; Lertzman, 

2009). Solutions to environmental crises are expected to be accordingly complex, 
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requiring context-specific institutional arrangements (Acheson, 2006) that can cope with 

uncertainty and surprise (Holling & Meffe, 1996). While the Western science process 

generates useful knowledge, albeit bounded by uncertainty and bias, other forms of 

knowledge are also legitimate and necessary inputs to decision making (Ascher et al., 

2010; Lertzman, 2009; Salomon et al., 2018). In fact, there are many examples of 

Indigenous knowledge and governance processes sustaining actively managed social-

ecological systems over multiple generations (e.g., Dick et al., 2022; Housty et al., 2014; 

Winter et al., 2020) independent of Western science. Furthermore, Indigenous 

knowledge systems are increasingly recognized in (de)colonial resource management 

processes as being complimentary to Western science (Lepofsky & Lertzman, 2018; 

Reid et al., 2020) and important for environmental stewardship (Fernández-Llamazares 

et al., 2021; Reid et al., 2022; Salomon et al., 2018). Holding the complexity of 

successful political and governance processes in mind, and acknowledging the 

importance of local and Indigenous ways of watershed-based management, scientific 

research on watershed ecosystems has the potential to significantly improve one 

dimension of the knowledge inputs to sustainable decision making. 

A spatial model of watershed ecosystems, such as the one developed in this 

thesis, has many potential applications in resource and environmental management. To 

begin, such a framework can be used to identify and prioritize gaps in the basic science 

relevant to global change and ecosystem management. In the NPCTR, watershed 

ecosystems are subject to climate change, resource extraction activities, water diversion 

and damming, urban development, invasive species, and industrial pollution (Dick et al., 

2022; Wolf et al., 1995; Sergeant et al., 2022). The cumulative effects of these stressors 

on ecosystem health likely depend on watershed characteristics such as topography, 

climate, and landcover, among other factors. In this thesis, I identified a number of future 

research opportunities that would improve our understanding of the spatial-temporal 

variability in regional watershed ecosystems (e.g., p. 54, p. 178, and p. 204). For 

example, predicting the future water quality regime of currently-glacierized watersheds 

may require new studies that consider the role of variable watershed lithology, 

watershed size, mass-wasting events, legacy sediments, and changing forest 

composition, in addition to progressive glacial retreat (Chapter 3). Among rain-

dominated watersheds, new research is needed to understand the potential effects of 
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forest management and alder cover on the supply of inorganic nutrients to streams and 

estuaries (Chapter 3). 

Climate change policy requires a robust carbon budget and carbon-climate 

models. However, important uncertainties remain due to limited data and limited 

understanding of the lateral flux of terrestrial organic carbon from rivers to the ocean and 

the efflux of carbon from inland waters (Bauer et al., 2013; Cole et al., 2007; Raymond et 

al., 2013; Regnier et al., 2013; Talbot et al., 2022). I found a high degree of spatial 

heterogeneity of freshwater runoff (Chapter 2) and DOC concentrations (Chapter 2, 

Chapter 3, Chapter 4) across the small coastal watersheds of the NPCTR suggesting a 

need for more detailed modelling of DOC flux from this region. This would lead to a more 

accurate assessment of the size of the terrestrial carbon sink and the location of carbon 

stocks that may be sensitive to watershed management decisions. 

Regionally continuous mapping of the watershed-ecosystem mosaic can also be 

used to design the efficient and representative observation networks needed for long-

term change-detection monitoring and for model building (e.g., Krabbenhoft et al., 2022; 

McLellend et al., 2015). Data gaps are significant in the central and northern NPCTR 

region, partly because many older gauging stations have been deactivated (Chapter 2). 

Long term water quality observation sites are even fewer and further between. These 

gaps may hinder efforts to assess trends and manage water sustainably (e.g., Whitfield 

et al., 2012). In highlighting gaps in the observation network, it is also important to 

acknowledge that there are significant costs and operational challenges associated with 

the operation of long-term observation sites in the rugged and remote (e.g., no road 

access) areas of coastal British Columbia and Alaska. 

The optimal spatial distribution of new observation sites naturally depends on the 

goals for the observation network. One goal could be replicated representation of all the 

major watershed types with co-located streamflow and water quality monitoring sites. 

This approach would seek to represent the regional diversity of watershed ecosystems. 

However, the watershed types described in this thesis are not all equally extensive or 

equally sensitive to change. As such, other criteria for network design could include 

replicated representation of extensive, vulnerable, or highly valued watershed types. For 

example, Glacierized Mountain type watersheds are extensive (Chapter 2), 

biogeochemically distinct (Chapter 3), changing rapidly (e.g., Clarke et al., 2015), and 
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vulnerable to dramatic change in water quality associated with extreme events 

(Giesbrecht et al., 2021). On the other hand, Northern Rain type watersheds are less 

extensive but represent a regional hotspot of carbon concentrations (Chapter 2; Chapter 

3) and exports (Oliver et al., 2017) and support large carbon stocks (McNicol et al., 

2019) that are vulnerable to warming (Fellman et al., 2017). The Rain Hill type 

watersheds of the Central NPCTR (i.e., the RHC type) are found in areas experiencing 

the pressures of larger populations, competing water demands, and increasing summer 

drought (e.g., Foster & Allen, 2015). 

Benchmark or reference conditions are widely used to assess environmental 

impacts and the effectiveness of management decisions. Predictive ecosystem 

classification can make this problem more tractable for assessing water quality in 

heterogeneous regions with sparse observations (Soranno et al., 2010). The predicted 

spatial mosaic of watershed ecosystems developed in this thesis (Chapter 2 and 3) 

provides a potential framework for testing the effects of specific management actions 

while also accounting for natural spatial and temporal variability in riverine water quantity 

and quality. For example, to test for the effects of dams on streamflow regimes, or the 

effects of forestry on DOC concentrations, one could compare watersheds with very 

similar climate and topography thereby reducing the potential for confounding by natural 

variability. This general approach has been recognized and applied in examples ranging 

from New Zealand (Snelder & Hughey, 2005) to the United States of America (Wolock et 

al., 2004) to Chile (Peredo-Parada et al., 2011). Transboundary frameworks for 

watershed ecosystem classification such as the one developed in this thesis seem to be 

uncommon (but see Ouellet Dallaire et al., 2019) and may be increasingly necessary 

(Sergeant et al., 2022) in the context of water-quality assessments. 

There is also a practical need for water quality benchmarks in British Columbia, 

where the Provincial Government establishes water quality guidelines and water quality 

objectives intended to meet broader goals for drinking water, recreation, and aquatic 

ecosystems. Guidelines have been developed in BC for organic carbon concentrations, 

pH, nutrients, and turbidity (British Columbia Ministry of Environment and Climate 

Change Strategy [BC MECCS], 2020; BC MECCS, 2021a), among other water quality 

descriptors considered in this thesis. Taking organic carbon as an example, the 

guidelines establish a threshold of 4.0 mg L-1 for drinking water sources that will be 

treated by chlorination, due to the potential to generate harmful biproducts (BC MECCS, 
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2020). My thesis offers a means to predict which coastal watersheds are likely to have 

riverine DOC concentrations that naturally exceed this threshold. For protection of 

freshwater aquatic life, the BC guideline specifies a different criterion: median DOC is to 

be “within 20% of seasonally-adjusted median background levels as measured 

historically or at appropriate reference sites” (BC MECCS, 2021a, p. 26). While historical 

datasets are few and far between, my thesis provides a method, and a map, for using 

watershed characteristics to identify potentially “appropriate reference sites” within the 

wide range of naturally occurring DOC concentrations across rivers of coastal BC. 

Complimenting the generic water quality guidelines for BC, the Water Quality 

Objectives Policy (2021) can be used to establish water quality objectives (WQO) for a 

specific waterbody of particular significance. This policy encourages a rigorous process 

that includes a detailed characterization of the watershed as well as an assessment of 

water quality data and the controls on water quality (BC MECCS, 2021b). Recent policy 

updates explicitly aim to account for both Western science and Indigenous knowledge 

and values in a “collaborative, consent-based” process of establishing water quality 

objectives (Water Quality Objectives Policy, 2021). In the context of this management-

decision making process, the results of my thesis may provide a useful technical- and 

conceptual-input to future efforts to define water quality objectives for specific 

waterbodies along the coastal margin. 

The degree of spatial/temporal heterogeneity of watershed ecosystems 

expressed at a meso-scale (across multiple watersheds) itself may be a benchmark 

condition against which change can be measured. “Command and control” approaches 

to resource management have sought to reduce spatial/temporal heterogeneity with the 

unintended consequence of reducing resilience to external perturbation (Holling & Meffe, 

1996). Recognition of this “pathology” led Holling & Meffe to propose a Golden Rule of 

natural resourced management: “management should strive to retain critical types and 

ranges of natural variation in resource systems in order to maintain their resiliency” (p. 

334). The analyses in my thesis have increased our ability to model the natural spatial 

variation of watershed ecosystems over specific geographic areas of the coastal margin. 

Much has yet to be learned about the specific impacts of changing coastal watershed 

heterogeneity (e.g., via reductions of glaciers and snow) on the resilience of social-

ecological systems. 
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Given the importance of heterogeneity for system resilience, a general strategy 

for climate change adaptation could aim to conserve the processes that generate 

heterogeneity and associated ecosystem functions (Moore & Schindler, 2022). This 

approach to conservation recognizes the inevitability and necessity of ecological 

changes such as disturbance, range shifts, and compositional turnover. To achieve 

resilient watershed ecosystems, more work is needed to account for non-stationarity 

(e.g., the changing climate) when establishing the benchmark conditions commonly 

applied in environmental assessment (Poff, 2018). As a concrete example from my 

thesis, the currently-glacierized mountain watersheds will likely experience non-

stationarity in their benchmark hydro-biogeochemical regimes as glaciers recede over 

the coming decades. Protecting and monitoring a widely distributed set of currently- 

glacierized watersheds might be an effective strategy for maintaining and defining future 

benchmark conditions for this watershed type. Non-glacial factors such as landcover, 

topography, and lithology might become more prominent controls on river hydro-

biogeochemistry as glaciers recede and snowfall is replaced by rainfall. Protecting and 

monitoring a widely distributed set of all major watershed types might be an effective 

strategy for maintaining functional watersheds and adaptive benchmark conditions at 

meso- and regional-scale. 

Toward this end, regional-scale models of watershed-ecosystem mosaics 

(Chapter 2 and 3) could also be used as data inputs for deliberate conservation planning 

that anticipates change over time. Conservation planning seeks to optimize reserve 

design by maximizing ecological conservation outcomes with a given amount of 

protected area in a region (Pressey et al, 2007). This typically involves a GIS 

assessment of alternative reserve designs seeking to capture representative examples 

of valued ecosystems and the processes that maintain their functions (e.g., natural 

disturbance and species dispersal). Protection of whole-watersheds has been 

considered, and implemented, as a coarse-filter conservation strategy with a mix of 

advantages and disadvantages (Lertzman & MacKinnon, 2013). One of the advantages 

of a watershed-based reserve is the greater potential for the ecological system to persist 

and function over long periods of time, while adapting to novel disturbance regimes 

(Lertzman & MacKinnon, 2013). The watershed-based approach ideally involves a data-

driven assessment of the overall population of watersheds in a region. Again, ecosystem 

classification is often used to make a complex problem more tractable (see Soranno et 
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al., 2010 for a freshwater example), and here I suggest watershed-ecosystem 

classification could assist with watershed-based conservation planning. 

A very basic assessment of the representation of coastal watershed ecosystems 

in protected areas could be implemented by overlaying alternative reserve boundaries 

on a map of the watershed-ecosystem mosaic derived in Chapters 2 and 3. One might 

extend this further to consider the degree of intactness of ecosystem functions in specific 

watersheds (Lertzman & MacKinnon, 2013). The ability of a watershed to buffer against 

climate change could be another important consideration (e.g., glacial buffering of 

stream temperatures in Chapter 3). A further extension could involve co-location of sets 

of linked watersheds and nearshore ecosystems, perhaps drawing from the meta-

ecosystem concept explored in this thesis (Chapter 3). Conservation planning processes 

that explicitly consider the cross-ecosystem connectivity of land-sea systems can be 

costlier and more challenging but potentially more efficient and effective in the long run 

(Beger et al., 2010). Indeed, the boundaries of many existing or proposed marine 

protected areas in coastal BC were delineated with consideration of adjacent land use, 

recognizing the interconnected nature of terrestrial, freshwater, and marine systems 

(Marine Planning Partnership Initiative, 2015). 

At the present moment, British Columbia may be on the verge of a shift in 

watershed governance that could see increased demand for the types of watershed-

ecosystem analyses explored in my thesis. An open discussion paper by the BC Ministry 

of Environment and Climate Change Strategy (BC MECCS, 2022) lays out a vision for a 

long-term Watershed Security Strategy (WSS) and Fund. This discussion paper 

describes watershed security with a broad set of terms that include: “safe drinking 

water”, “sufficient water”, “reduced risks from water related hazards”, “good water 

quality”, and “healthy and resilient aquatic, riparian, wetland, and watershed 

ecosystems” (p. 6). The WSS may seek to: “build a common approach to characterizing 

watersheds in B.C.”, “review and coordinate monitoring programs to maximize the value 

of investments in managing water resources and to support watershed characterization 

efforts”, and develop “decision-support for environmental flows” (BC MECCS, 2022). 

Regional scale watershed-ecosystem science clearly has a role to play in such a 

governance process. In fact, the WSS discussion paper explicitly anticipates a major 

need for watershed knowledge from both Western science and Indigenous ways of 
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knowing. A draft strategy is expected in the fall of 2022 with the final WSS set to launch 

in 2023. 

The WSS discussion paper contemplates eventual amendments to the Water 

Sustainability Act (WSA), which is the primary water law in BC. The WSA enables the 

establishment of Water Sustainability Plans, which directly govern whole-watershed 

management for freshwater flow and quality in BC (BC MECCS, 2022; Curran & 

Brandes, 2019). The watershed modelling and mapping analyses developed in my 

thesis – which related watershed characteristics with riverine water quality and 

streamflow quantity – may be directly relevant to several aims of the WSS and the WSA. 

For example, managing for environmental flows requires knowledge of the baseline 

natural streamflow regime against which change can be assessed (Poff et al., 1997). 

Chapter 2 of this thesis demonstrated major gaps in the spatial distribution of gauging 

stations in coastal BC while also offering methods for prediction in ungauged basins and 

for efficiently expanding riverine observation networks. All three science-chapters 

demonstrated methods to begin characterizing the natural water quality regimes of rivers 

over complex geographic areas with sparse observations. The ecosystem perspective of 

these analyses is consistent with a broader trend for environmental flows research to 

address more aspects of aquatic ecosystems than the original natural flow regime 

concept that focused on hydrology (Poff, 2018). 

Transboundary ecosystem management 

Southeast Alaska (SEAK) and BC are divided by a crisp jurisdictional (state) 

boundary that impacts how the environment is studied and how environmental 

management decisions are made. This boundary runs longitudinally through many 

watersheds that drain westward from BC into the coastal ocean of SEAK (Chapter 2). 

This boundary also runs latitudinally, dividing the coastal waters of SEAK from the 

coastal waters of BC (Chapter 2). Ecosystem-based approaches to management call for 

knowledge integration across such geopolitical borders and the use of ecological 

boundaries in decision making (e.g., Grumbine, 1994). This thesis developed a means to 

define ecological boundaries based on watershed ecosystems. In SEAK and BC, several 

initiatives have worked toward a more integrative transboundary scientific process for 

understanding rainforest ecosystems and the small coastal watersheds that drain them 

(e.g. Alaback, 1996; Bidlack et al., 2017; Bidlack et al., 2021; Orians & Schoen, 2013; 
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Wolf et al., 1995). This thesis underscores the importance of these (transboundary) 

research processes and also offers a new spatial framework for their continued 

progress. For instance, Chapter 2 showed that existing observation sites for streamflow 

and DOC are unevenly distributed between jurisdictions. Small coastal watersheds on 

the Central Coast of BC, the North Coast of BC, and the southern part of SEAK have 

especially sparse stream gauges and DOC sampling sites while the South Coast of BC 

and an area around Juneau, AK, have comparatively dense observation networks. 

Chapter 2 also developed the type of transboundary spatial framework needed to guide 

the extrapolation of site-based knowledge and data from one jurisdiction to another. 

In this thesis I presented several lines of evidence to suggest that the spatial 

mosaic of watershed ecosystems differ between the coastal zones of SEAK and BC. 

These findings also reinforce the importance of using spatially explicit information to 

guide knowledge and data transfer between jurisdictions. Chapter 2 highlighted both 

similarities and differences in the mosaic of watershed types, streamflow regimes, and 

DOC regimes, between these two geographic areas. For example, the BC coast lacked 

the Heavily Glacierized Mountain watersheds of SEAK, and hosted rainshadow 

watershed types more similar to the small coastal watersheds of Washington and 

Oregon. Chapter 3 highlighted the dramatic apparent effect of this rainshadow on the 

riverine water quality of some watersheds in BC. Chapter 4 found potential for different 

spatial controls on DOC concentrations in the Calvert Island area of BC compared to 

what other studies have reported for watersheds in SEAK. 

In such spatially heterogenous regions, transboundary approaches to ecosystem 

management require transboundary (trans-jurisdiction) coordination of observation 

networks, knowledge syntheses, and modelling systems (Fraser et al., 2006; McClelland 

et al., 2015; Malick et al., 2017; Servos et al., 2013). This may in turn require thoughtful 

incentive structures to overcome the collective action problem that inhibits international 

cooperation on integrated science-policy problems (Holt et al., 2008). Direct co-operation 

of government agencies can be encouraged via international agreements such as the 

Boundary Waters Treaty between Canada and the US (Benidickson, 2016), which has 

improved coordination of watershed science and management in the Great Lakes region 

(Clamen & MacFarlane, 2015). International agreements have also improved 

transboundary scientific coordination in the coastal watersheds and marine waters that 

connect BC and Washington state (in the Salish Sea), complimented by important 
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“informal collaborations” (p. 63) among citizens, scientists, and other professionals 

(Fraser et al., 2006). Provision of funding by governments for international research 

coordination is a potential solution (e.g., Bidlack et al., 2017), for the relatively short 

(e.g., 5 year) duration of most funding cycles. Non-governmental research organizations 

and scientifically motivated foundations also have a role to play in both transboundary 

and local scale observation systems. For example, the Kwakshua Watersheds 

Observatory on the Central Coast of BC is beginning to fill an important observation gap 

in the region, through the work of the Hakai Institute, the Tula Foundation, and several 

partners motivated by transboundary science (Giesbrecht et al., 2021b). Indigenous 

organizations motivated by local land stewardship and governance imperatives are also 

increasingly undertaking environmental monitoring and scientific research programs at 

regional scales (Wilson et al., 2018) in addition to local scales (e.g., Housty et al., 2014). 

As a regional and transboundary example, the Indigenous-led Indigenous Observation 

Network (ION) monitors water quality at 54 sites on the Yukon River, from BC, through 

Yukon, to Alaska (Wilson et al., 2018). The examples above suggest that overcoming 

the barriers to policy-relevant transboundary watershed science may require 

interdisciplinary solutions drawing from policy and social sciences, networks of diverse 

collaborators, and active engagement with community-led monitoring and governance 

processes. 

Final thoughts 

In this thesis I’ve attempted to define and understand the diversity and 

distribution of watershed ecosystems based on watershed characteristics, streamflow, 

and riverine water quality. However, there are many other important elements to a 

watershed ecosystem that could be productive avenues for future research. For 

example, I’ve used a broad yet necessarily limited suite of the many aspects of riverine 

water quality. Concerns about contaminants from mining effluent (Sergeant et al., 2022) 

suggest a need to monitor watersheds for other parameters such as selenium (Wellen et 

al., 2015), for example. Furthermore, the spatial mosaic of watershed ecosystems could 

also be used as an organizing framework to more directly characterize biodiversity and 

ecosystem function at the watershed scale. Environmental DNA (eDNA) could be used 

to rapidly characterize watershed scale ecological communities based on outlet water 

samples (Deiner et al., 2016). While I’ve taken a watershed scale approach, a great deal 
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can also be done to characterize the heterogeneity and interconnectedness of 

freshwater ecosystems and controlling processes within watersheds (e.g., Soranno et 

al., 2010; Thorp, 2014; Weins, 2002). More broadly, the interacting roles of Indigenous 

(Dick et al., 2022; Winter et al., 2020) and industrial societies (e.g., Regnier et al., 2013; 

Beusen et al., 2016) in shaping the observed pattern and process of watershed 

ecosystems is an important area for further research. 

Spatial-temporal variation of riverine water quantity and quality has major 

implications for the function of freshwater ecosystems and for understanding the spatial-

temporal controls on these patterns. In coastal regions, the spatial heterogeneity of 

watershed ecosystems affects hydrological, biogeochemical, and ecological linkages 

between land and sea. Small coastal watershed ecosystems can be disproportionately 

important and highly diverse over large scales. Climate, topography, landscape 

structure, and watershed modifications are among the major factors controlling the 

spatial gradients of watershed pattern and process in the NPCTR and perhaps other 

coastal rainforest regions of the world. Spatial mosaics of watershed ecosystems link 

with adjoining nearshore ecosystems, which may produce emergent functions at larger 

scales. Such emergent functions have broad implications for social-ecological systems, 

with potential consequences ranging from biodiversity to resource resilience to carbon 

sequestration. The conceptual and methodological tools of landscape ecology show 

promise for developing a more integrative understanding of the causes and 

consequences of watershed-ecosystem mosaics from local to global scales. 
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Appendix A. Supporting information for Chapter 2 

This appendix includes supporting text, figures, and tables for our analysis of 

hydro-biogeochemical watershed classification and mapping in the Northeast Pacific 

Coastal Temperate Rainforest of North America (NPCTR). 

Text A.1. Extended description of watershed types 

In this supporting information text, we provide a detailed narrative description of 

the typical catchment characteristics for each watershed type (see Table 2.1, Figure 2.3, 

and Figure A.4). Two watershed types (GMH and GMM) were characterized by high 

mountains (mean ≥ 1,877 ± 402 m) with high precipitation (≥ 3,192 ± 892 mm) and cold 

air temperatures (≤ 2.05 ± 0.92 °C), resulting in very high precipitation as snow (≥ 1,533 

± 428 mm, 48.8 ± 7.6%), extensive ice cover (≥ 11.7 ± 8.7%), and low mean vegetation 

height (≤ 7.3 ± 5.5 m). GMH represented the mountainous (2,627 ± 739 m elevation) and 

cold (0.17 ± 1.17 °C) extreme for the region, with correspondingly extreme ice cover 

(62.8 ± 13.5%), MAP (4,755 ± 1,399 mm), PAS (2,851 ± 886 mm, 60.7 ± 9.9%), and 

(low) mean vegetation height (0.9 ± 1.7 m). GMH was almost exclusively found north of 

the Stikine River. GMM was less extreme in these respects and had the most continental 

climate (mean TD 16.58 ± 1.09 °C) of all the SCR clusters. GMM was found from the BC 

south coast (Jervis and Bute Inlets) northward, where it often represented the largest 

river(s) draining into the mainland fjords. The two glacierized mountain types 

represented the largest coastal watersheds and were virtually absent from the extensive 

islands of the region. 

Three watershed types (SMX, SMN, SMC) were characterized by steep slopes (≥ 

22.5 ± 3.9°), high precipitation as snow (736 ± 256 mm to 1,212 ± 324mm, 25.3 ± 6.9% 

to 30.2 ± 7.4%), and the absence of consistently high ice cover (0.1 ± 0.5% to 1.3 ± 

3.3%). They were organized along a spatial gradient from the northwest (SMX) to the 

southeast (SMC). SMX tended to have notably lower mean vegetation height (9.1 ± 5.1 

m) and more ice cover (1.3 ± 3.3%) while SMC had notably higher elevation (1,781 ± 

407 m) and lower MAP (2,722 ± 540 mm) and PAS (736 ± 256 mm). SMC watersheds 

also tended to be much larger than the other snow mountain watershed types. 
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Three watershed types (RLN, RHN, RMN) with much less snow (150 ± 71 mm to 

566 ± 175 mm, 6.9 ± 3.7% to 18.8 ± 6.1%) yet low evapotranspiration (≤ 468 ± 40 mm) 

occupied the remainder of southeast Alaska and most of the BC coast north of 

Vancouver Island (characterized by northwestern locations). They were differentiated 

along a terrain gradient, from lowland watersheds in RLN (3.6 ± 1.5° slope, 230 ± 164 m 

elevation) to mountainous watersheds in RMN (17.1 ± 3.3° slope, 806 ± 171 m 

elevation), with a corresponding increase in MAP and PAS. All three of the northern rain 

types represented consistently small watersheds (46 ± 49 km2 to 50 ± 66 km2). RMC had 

notably higher elevations (1,087 ± 304 m), steeper slopes (21.1 ± 4.3°), and higher 

precipitation (3,794 ± 618 mm) than this group, and a more southerly distribution – 

mainly on the west coast of Vancouver Island. Mean forest height reached a maximum 

in RMC (27.9 ± 2.7 m). 

The remaining three watershed types (RHC, RHS, RLC) were hill to lowland 

watersheds (slope ≤ 12.3 ± 4.1°, elevation ≤ 787 ± 372 m) characterized by high 

evapotranspiration (≥ 626 ± 63 mm) and mean annual temperature (≥ 8.45 ± 0.80 °C), 

low precipitation (≤ 2,126 ± 673 mm), and little snowfall (131 ± 79 mm), relative to the 

region. The wettest of these watershed types, RHC (2,126 ± 673 mm), spanned from 

northern Oregon to the lee of Vancouver Island. RHS represented the warmest 

watersheds in the region (MAT 11.34 ± 0.86 °C), with the highest evapotranspiration on 

the coast (895 ± 107 mm), spanning from the central coast of Oregon to northern 

California. RHS stood out for having a very low annual temperature range (TD 9.28 ± 

1.85 °C). RLC occupied lowland terrain (4.3 ± 1.8° slope, 254 ± 189 m elevation) in the 

rainshadow of mountains on the Olympic Peninsula and Vancouver Island, receiving 

less precipitation (1,366 ± 550 mm) than any other watershed type in the coastal region. 

RLC watersheds tended to be small (64 ± 56 km2). 

The six large (174,934 ± 256,810 km2) continental watersheds from the Columbia 

River northward (SC) were characterized by high elevations (3,074 ± 624 m), 

inland/northerly locations, high TD (20.29 ± 1.18 °C), low MAP (1,139 ± 258 mm), and a 

high proportion of precipitation as snow (608 ± 243 mm, 51.5 ± 12.6%). Mean glacial ice 

cover was also relatively high (3.9 ± 3.3%), primarily due to substantial ice cover in the 

Taku (7.5%), Stikine (7.1%), and Nass (5.9%) watersheds. The four large (18,922 ± 

14,562 km2) continental watersheds south of the Columbia River (RC) also had high 

elevations (3,010 ± 863 m) and low precipitation (1,329 ± 250 mm), yet very little of that 
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precipitation fell as snow (76 ± 32 mm, 6.2 ± 3.8%) and ice cover was negligible (0.001 ± 

0.003%). The RC watersheds were further distinguished by the highest Eref in the region 

(977 ± 66 mm). 

Text A.2. Hydrograph variation within watershed types 

In this supporting information text, we discuss hydrograph variation within 

watershed types. The greatest within-type variation of hydrograph shape was observed 

in types GMM, SMX, and SMC, where inspection of individual hydrographs and 

individual catchments showed that seasonal timing of runoff varied predictably with 

glacier cover, precipitation, and temperature (see raw data and individual hydrograph 

plots in the corresponding data package: Giesbrecht et al., 2022). Other factors likely 

contributed to variable hydrograph shapes within watershed types. Dams and water 

removals influenced several gauged watersheds, such as Sawmill Creek which was an 

outlier in SMX due to the absence of a spring freshet. Gold Creek in SMX had 

anomalously high spring and summer flows, perhaps reflecting underestimation of 

precipitation and ice cover in our dataset. In our dataset, Gold Creek was an 

amalgamated polygon that included substantial low-elevation terrain outside the gauged 

catchment. Natural lakes attenuated flows in watersheds such as the Wannock in GMM. 

Catchment geology likely influenced storage and timing of groundwater discharge, 

attenuating flows in catchments with more permeable rock and surface materials (e.g., 

Eaton & Moore, 2010). Finally, some of the within-type variability could also be attributed 

to gauge locations within watersheds, where gauges further from the outlet become less 

representative of the overall catchment used to build the classification. 

Text A.3. Gap analysis for flow and DOC observational networks 

We found that extant gauging stations were not evenly distributed across the 

watershed feature space represented by PC1 and PC2, the range of MAR and DOC 

values (Figure 2.5b, Table 2.2), or geographic space (Figure A.7). Temporal coverage 

was also poor in some watershed types. Of particular importance from a streamflow 

perspective, the GMH watersheds represented a large gap in the feature space (41 

watersheds with large positive values on PC1 in Figure 2.5b), where the only gauged 

river (Mendenhall River) discharged an extreme 4,956 mm annually (Figure 2.5b). 

Additionally, the eight gauged RMC watersheds (of 261 total) showed high and highly 
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variable MAR estimates (Figure 2.5a), yet the more northerly and lower gradient RMC 

watersheds (low PC1 and PC2 scores) remained ungauged (Figure 2.5b). Gauging 

stations were also sparse in the lowland to moderately sloping watersheds of the 

northern zone (RHN and especially RLN which had no gauge). The northern snow 

mountain types also had low gauge densities (SMN n = 1 and SMX n = 4) combined with 

high and variable MAR indicating a potential priority for any new observation sites. Large 

geographic gaps in the gauge network were noted for the BC mainland coast north of 

Vancouver Island and several areas of Southeast Alaska (e.g., the land draining to 

Glacier Bay, Icy Strait, Lynn Canal, and Frederick Sound). Importantly, many of the 

gauges used in this analysis are no longer in operation and many of these have only 

short records. 

DOC observations were particularly sparse in and around the lower left quadrant 

of Figure 5b (RLN, RHN, RLC, RMN, lower RHC) where concentrations were predicted 

to be high but also highly variable across watersheds. This region of the feature space 

would be a top priority for trying to better constrain DOC models with field data. 

Temporal coverage was particularly poor in the RMN and RLC watersheds. Heavily 

glacierized watersheds (GMH n = 2) and northern snow mountains (SMN n = 0 and SMX 

n = 2) were poorly represented, yet our predicted [DOC] gradient was not very steep in 

these regions of the feature space, potentially indicating that a comparatively lower 

density of field observations would suffice. The RHS, GMM, SC, and RC watershed 

types appeared to be comparatively well represented and constrained. As with 

discharge, many of the DOC observation locations are no longer in operation, presenting 

a challenge for long-term change detection studies. 
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Table A.1.  Input data sources for watershed properties. See table note for details. 

Group Variables Source Resolution Citation Rationale 
Topography Elev_max, 

Slpe_avg, 
Slpe5 

SRTM 
HydroSheds 
DSM 

~ 90 m Lehner et al., 
2008 

Watershed topography influences climate, water residence times and streamflow regimes 
(e.g., Sergeant et al., 2020). Watershed topography also determines organic matter 
accumulation, runoff flowpaths, and thus [DOC] in streams (Mulholland, 2003). The proportion 
of low gradient area can act as a proxy for wetland extent (D'Amore et al., 2016). Watershed 
elevation can act as a "master variable" that integrates the effects of climate, topography, and 
soils (Sobek et al., 2007). 

Climate MAP_avg, 
Eref_avg, 
PAS_avg, 
MAT_avg, 
TD_avg 

ClimateNA 
(v5.10) - 
1981-2010 

1 km Wang et al., 
2016 

Watershed climate determines the magnitude, form, and timing of water inputs, losses, and 
storage changes, which in-turn control streamflow regimes (e.g., Eaton & Moore, 2010; Curran 
and Biles, 2020). Climate is also a key factor controlling soil formation and DOC export (e.g., 
Aitkenhead-Peterson et al., 2005; Mulholland, 2003). 

Glaciers Glc_prct Randolph 
Glacier 
Inventory 5.0 

-- RGI 
Consortium, 
2015 

Seasonal melting, mass loss, and weathering by glaciers strongly influence downstream 
hydro-biogeochemistry (e.g., Hood & Berner, 2009). Consequently, watershed glacier cover 
can be correlated with streamflow regimes (e.g., Fleming, 2005; Sergeant et al., 2020) and 
several aspects of river biogeochemistry (e.g., Hood & Berner, 2009). 

Vegetation VegHt_avg Forest height, 
spaceborne 
LIDAR 

1 km Simard et al., 
2011 

Vegetation and landcover regulate the hydrologic cycle, weathering, erosion, and the cycling 
of elements including carbon (Schlesinger, 1997). Global forest height maps provide regionally 
consistent proxies for aboveground biomass (Simard et al., 2011). Vegetation and landcover 
can be associated with contrasting streamflow regimes (e.g., Sergeant et al., 2020; 
Trubilowicz et al., 2013) and [DOC] dynamics (Mulholland, 2003; Winterdahl et al., 2014). 

Polygons Poly_x, 
Poly_y 

Watersheds 
of the NPCTR 

-- Gonzalez 
Arriola et al., 
2018 

Nearby watersheds may share similar catchment controls on streamflow and biogeochemistry 
due to regional differences in climate, physiography, geology, geomorphic history, soils, or 
anthropogenic effects. Watershed coordinates were used (1) to partially account for the 
anticipated spatial autocorrelation among watersheds not captured by the other variables, and 
(2) to improve the geographical contiguity among watershed clusters. 

Note: Elevation and slope statistics were derived from the 90 m Shuttle Radar Topography Mission (SRTM) Digital Surface Model of Lehner et al. (2008). Climate variables were 
obtained using 1 km gridded climate normals for 1981-2010 from ClimateNA v5.10 (Wang et al., 2016). We obtained landcover-related attributes, % glacier cover and vegetation 
height, from the Randolph Glacier Inventory 5.0 (RGI Consortium, 2015) and the spaceborne LIDAR derived global forest height dataset of Simard et al. (2011), respectively.
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Table A.2. Summary of random forest variable importance scores and rankings 
estimated by mean minimal depth, raw permutation, and scaled 
permutation. A comparison of model performance curves based on 
OOB error rates indicated that RFE guided by scaled permutation 
produced the best overall variable importance rankings. A RF 
classifier composed of the top four predictors, Eref_avg, Slpe_avg, 
PAS_avg, and MAP_avg, accounted for approximately 95% of the 
total discriminatory power obtained by the model with all 10 
predictors included. 

Variable  

Min. Depth Raw Perm. Scaled Perm.  RFE Raw Perm. RFE Scaled Perm. 

Score Rank Score Rank Score Rank Rank Rank OOB Error 
Eref_avg 1.395 1 0.290 1 292.2 1 2 1 0.651 
Slpe_avg 1.650 2 0.194 3 187.2 7 3 2 0.281 
PAS_avg 1.810 3 0.216 2 189.9 5 1 3 0.179 
MAP_avg 2.838 9 0.099 7 233.7 2 7 4 0.111 
VegHt_avg 2.730 7 0.093 9 224.9 3 8 5 0.094 
Elev_max 2.248 5 0.127 5 191.5 4 5 6 0.086 
TD_avg 2.782 8 0.099 8 189.5 6 9 7 0.071 
Slpe5 2.491 6 0.114 6 157.5 8 6 8 0.066 
MAT_avg 1.865 4 0.173 4 144.7 9 4 9 0.069 
Glc_prct 3.790 10 0.025 10 110.0 10 10 10 0.061 

Note: Min. Depth – mean minimal depth; Raw Perm. -  raw or unscaled permutation; Scaled Perm. – scaled 
permutation; RFE Raw Perm. – variable importance ranking was determined by backward recursive feature elimination 
using raw permutation importance to recursively rank variable importance at each step; RFE Scaled Perm. - variable 
importance ranking was determined by backward recursive feature elimination using scaled permutation importance to 
recursively rank variable importance at each step; OOB Error – out-of-bag (OOB) classification error.  
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Figure A.1. Location of the study area and the corresponding regional drainage 
basin, in the context of rainforest and glacial ice cover. 

Note: Watershed outlines are from Gonzalez Arriola et al. (2018). Glacier cover is from RGI 
Consortium (2015). Regional rainforest cover is derived from the original rainforest distribution 
mapping of Wolf et al. (1995) and Alaback (1996). 
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Figure A.2. (a) Elbow plot to assess number of clusters, showing within-group 
sum of squares (WSS) against number of clusters (k). Blue line 
indicates minimum WSS and red line indicates WSS associated with 
k = 12 in the “elbow” of the plot. (b) Comparison of RF model 
performance curves derived from selected variable importance 
measures paired with non-recursive (NRFE) or recursive feature 
elimination (REFE) strategies. (c) Linear correlations among 
clustering variables. 

Note: All model performance curves in (b) showed a non-linear increase in OOB classification 
error as the number of model predictors declined. The blue performance curve, which was 
generated by RFE and scaled permutation, maintained a lower OOB error at each elimination 
step and, therefore, captured the best model-based ranking of variable importance. The black 
performance curve (rank order of variable importance was repeatedly randomized) identifies the 
unusual case where there is no logical ordering in variable importance. All feature selection 
methods show improvement against the random case when there are six or fewer predictors 
remaining in the model. The top four predictors associated with the blue performance curve are 
respectively Eref, Slope, PAS, and MAP. 
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Figure A.3.  PCA ordination diagrams showing watersheds coloured by type (see 
Figure 2.2 for legend) with contour overlays for eight key watershed 
properties. 

Note: Contour lines in each panel represent predicted values of the corresponding input variable 
(e.g., Eref), modelled as the interaction of PC1 and PC2 using a Generalized Additive Model. 
Goodness of fit statistics are adjusted R2 values based on repeat (10 times) 10-fold cross-
validation. See Figure 2.5 caption for details. 
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Figure A.4.  Boxplots to describe each watershed type in terms of the original 
variables used in the cluster analysis. 
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Figure A.5.  Maps of all watersheds in the study area after the 14 watershed 
types were grouped together by characteristic water source (a) or 
terrain group (b).  
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Figure A.6.  Mean daily specific discharge from 10 continental watersheds of the 
NPCTR (1981-2010), grouped into two continental watershed types. 

Note: Vertical reference lines divide the four astronomical seasons. In the top panel, the six 
northernmost continental watersheds showed clear snow-melt signatures with low winter flows, 
peak flow in late spring, and declining flows through the summer months. The Stikine, Taku, and 
Nass Rivers had prolonged high flow through summer and high fall flows. In the bottom panel, the 
four southernmost continental watersheds showed highest flows in fall and winter corresponding 
with the timing of seasonal precipitation inputs, which largely fell as rain. With little storage as 
snow, runoff decreased through spring followed by a long summer low flow that extended through 
mid-fall. 
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Figure A.7.  (a) Mean Annual Runoff (MAR) from each of the gauging stations 
used in this study. (b) Map of mean DOC concentration from each of 
the sampling stations used in this study. 

Note: Points are shown at the centroid of any polygon with field observations, which are located 
near the ocean-outlet. 

 

Figure A.8.  Variation of river Mean Annual Runoff (MAR) (n = 104) from gauged 
rivers compared to Mean Annual Precipitation (MAP) for the 
corresponding watershed polygon. 

Note: Watershed MAR was calculated by dividing observed flow by gauged area, and summing 
over the year. Watershed MAP was calculated as the mean of ClimateNA (Wang et al., 2016) 
MAP grid cell values within the corresponding watershed polygon. Solid black line is the 1:1 line. 
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Figure A.9.  Watershed level mean DOC from sampled rivers compared to 
average slope of the corresponding watershed polygon. 

Note: Dots represent the long-term mean DOC concentration and error bars represent the 
standard deviation observed over time (temporal variation).
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Appendix B. Supporting information for Chapter 3 

Text B.1. Gradients of freshwater across fjordlands 

We summarized the bivariate and hierarchical relationships among stream 

biogeochemistry variables using a heatmap of distance correlations and cluster 

dendrograms generated by Ward’s minimum variance method (gplots v3.1.1 package in 

R). We chose distance correlation instead of Pearson’s correlation to evaluate the 

strength of association between variables, because the former statistic uniquely 

measures both linear and non-linear associations (Székely et al., 2007). The statistical 

significance (p-value) of the distance correlations was determined using permutation 

tests of independence. Distance correlations and p-values were computed using the 

energy v1.7 package in R. We converted the distance correlation (similarity) matrix S 

into a dissimilarity matrix D using the transformation D = 1 – S, then ran Ward’s 

clustering method on D (Legendre & Legendre, 2012). 

The heatmap of distance correlations and cluster dendrogram revealed a strong 

pairwise and hierarchical pattern of linear or non-linear dependence among many of the 

22 freshwater descriptors measured at watershed outlets (Figure B.4). We assume that 

the freshwater descriptors that tended to covary over time and space (in a positive or 

negative direction) indicate similar origins (e.g., organic matter vs. rock weathering) or 

similar transport mechanisms (e.g., Fe-DOC complexes flushed from podzolic soils). 

Five freshwater indicators of organic soils and dissolved organic matter (DOC, DON, pH, 

Fe, and Al) were highly correlated in this study. The mass ratio of Na:Ca was correlated 

with this group of organic-associated variables. Three variables (𝛿18O-H2O, 𝛿2H-H2O, 

and K) associated with glacial contributions to streamflow were strongly codependent 

and were moderately correlated with the dissolved organic matter associated variables. 

Dissolved ions that predominantly (SiO2, Ca, Mg, SRP, and Alkalinity) or partly (Na) 

derive from chemical dissolution (weathering) of rock also tended to covary, along with 

overall electrical conductivity (EC). Three variables associated with physical weathering 

and erosion (turbidity, total phosphorous (TP), and particulate phosphorous (PP)) 

covaried, presumably reflecting combinations of supply and transport controls on 

suspended sediment export. Stream temperature and dissolved organic phosphorous 

(DOP) were weakly coupled with these indicators of physical erosion. Taken together, 
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the large number of correlated stream chemistry variables suggested potential for 

shared catchment controls over numerous aspects of river biogeochemistry. 
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Table B.1.  Geology of the sampled watershed types. Part (a) shows data for all 
sampled watersheds while part (b) shows only the reduced set of n = 
41 watersheds with no missing values, n ≥ 3 time points, and < 50% 
sedimentary + volcanic lithology. 

(a) All n = 56 sampled watersheds.  

Watershed Type PA (%) PI (%) MT (%) VI (%) VB (%) PY (%) SS (%) SM (%) SC (%) Qal (%) n 

RHC (3) 57.3 
(45.7) 

7.2 
(15.4) 

11.1 
(33.3) 

0.0 
(0.0) 

18.7 
(35.5) 

0.0 
(0.0) 

0.0 
(0.0) 

5.7 
(14.0) 

0.0 
(0.0) 

0.1 
(0.4) 

9 

RLN (7) 100.0 
(0.0) 

0.0 
(0.0) 

0.0 
(0.0) 

0.0 
(0.0) 

0.0 
(0.0) 

0.0 
(0.0) 

0.0 
(0.0) 

0.0 
(0.0) 

0.0 
(0.0) 

16.9* 
(37.8) 

5 

RHN (9) 78.0 
(43.9) 

0.1 
(0.2) 

21.9 
(43.7) 

0.0 
(0.0) 

0.0 
(0.0) 

0.0 
(0.0) 

0.0 
(0.0) 

0.0 
(0.0) 

0.0 
(0.0) 

20.0* 
(31.3) 

4 

RMC (4) 57.9 
(36.1) 

23.7 
(28.0) 

18.4 
(30.5) 

0.0 
(0.0) 

0.0 
(0.0) 

0.0 
(0.0) 

0.1 
(0.2) 

0.0 
(0.0) 

0.0 
(0.0) 

3.8 
(7.6) 

19 

SMC (2) 51.4 
(39.2) 

24.2 
(40.1) 

22.2 
(31.4) 

0.0 
(0.0) 

0.0 
(0.0) 

0.0 
(0.0) 

0.0 
(0.0) 

2.2 
(7.4) 

0.0 
(0.0) 

0.7 
(2.2) 

11 

GMM (5) 61.6 
(25.7) 

7.7 
(6.9) 

17.9 
(15.5) 

1.2 
(2.6) 

0.4 
(1.0) 

0.5 
(1.2) 

0.7 
(1.8) 

9.9 
(17.1) 

0.1 
(0.1) 

3.7 
(3.9) 

8 

(b) n = 41 watersheds used in the reduced-set PCA. 

Watershed Type PA (%) PI (%) MT (%) VI (%) VB (%) PY (%) SS (%) SM (%) SC (%) Qal (%) n 

RHC (3) 68.9 
(39.4) 

10.8 
(18.2) 

16.7 
(40.8) 

0.0 
(0.0) 

2.1 
(5.1) 

0.0 
(0.0) 

0.0 
(0.0) 

1.6 
(3.9) 

0.0 
(0.0) 

0.2 
(0.5) 6 

RLN (7) 100.0 
(0.0) 

0.0 
(0.0) 

0.0 
(0.0) 

0.0 
(0.0) 

0.0 
(0.0) 

0.0 
(0.0) 

0.0 
(0.0) 

0.0 
(0.0) 

0.0 
(0.0) 

21.1* 
(42.2) 4 

RHN (9) 78.0 
(43.9) 

0.1 
(0.2) 

21.9 
(43.7) 

0.0 
(0.0) 

0.0 
(0.0) 

0.0 
(0.0) 

0.0 
(0.0) 

0.0 
(0.0) 

0.0 
(0.0) 

20.0* 
(31.3) 4 

RMC (4) 56.8 
(34.3) 

25.8 
(28.4) 

17.3 
(32.4) 

0.0 
(0.0) 

0.0 
(0.0) 

0.0 
(0.0) 

0.1 
(0.3) 

0.0 
(0.0) 

0.0 
(0.0) 

3.8 
(7.7) 15 

SMC (2) 49.3 
(38.5) 

19.5 
(36.7) 

28.1 
(35.2) 

0.0 
(0.0) 

0.0 
(0.0) 

0.0 
(0.0) 

0.0 
(0.0) 

3.1 
(8.7) 

0.0 
(0.0) 

0.9 
(2.5) 8 

GMM (5) 51.5 
(14.6) 

12.3 
(6.2) 

24.7 
(17.9) 

1.8 
(3.6) 

0.7 
(1.5) 

1.0 
(1.6) 

1.3 
(2.6) 

6.5 
(3.7) 

0.1 
(0.2) 

5.3 
(4.9) 4 

Note: Lithology was derived from the Global Lithological Map (GLiM) (Hartmann & Moosdorf, 2012; Moosdorf & 
Hartmann, 2015). The lithologic types present in the study area are: acid plutonic (PA), intermediate plutonic (PI), 
metamorphic (MT), intermediate volcanic (VI), basic volcanic (VB), pyroclastics (PY), siliclastic sedimentary (SS), and 
carbonate sedimentary (SC). Quaternary alluvium (Qal) cover was derived from British Columbia Digital Geology (Cui 
et al., 2017), which seems to overestimate the occurrence on Calvert Island*. 
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Figure B.1.  Geological maps of the study area (a) and the NPCTR region (b). 
Note: Lithology in (a) was mapped using the Global Lithological Map (GLiM) database (Hartmann 
& Moosdorf, 2012; Jansen et al., 2010; Moosdorf et al., 2010; Moosdorf & Hartmann, 2015). 
Quaternary sediment cover was mapped using the BC digital geology dataset (Cui et al., 2017). 
Rock type in (b) was mapped using the Geologic Map of North America (Garrity & Soller, 2009) 
because it had fewer data gaps. 

(a) (b)

(a)
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Figure B.2.  Comparison of watershed classification results based on regional 
data (Chapter 2) in (a) vs. the current study in (b). 

(a) Regional (NPCTR) scale classification (b) Classification used in this study

Improved
classification

Misclassification
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Figure B.3.  Scatterplots (a-e) of maximum elevation vs. other key characteristics 
of the sampled watersheds. Panel (f) is a matrix of Pearson 
correlation coefficients between variable-pairs, ranging from strong 
positive (1) to strong negative (–1) linear correlations. 

Note: Watersheds with n < 3 time points have been omitted and watersheds with > 50% 
sedimentary + volcanic lithology have been omitted, leaving n = 53 for the analysis. The dashed 
line in panel (a) divides the northern transect (Rivers Inlet) from the southern transect (Bute Inlet). 
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Figure B.4.  Heatmap and dendrogram of relationships among 22 water quality 
variables measured at river outlets. The colour of each cell in the 
matrix represents the distance correlation (Szekely et al., 2007), 
which measures the strength of linear or non-linear dependence 
between two variables from 0 (no correlation) to 1 in a positive or 
negative direction. 

Note: Text in the cells reports p-values based on permutation tests of independence, where a 
value < 0.05 indicates a statistically significant association. Marginal dendrograms show 
dissimilarity based on hierarchical agglomerative cluster analysis. The analysis is based on n = 
110 samples after omitting missing values. 
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Figure B.5.  Ordination bi-plot and boxplots of the average riverine water quality 
for each watershed. This is the same as Figure 3.2 except that each 
small point represents the average of all observations in a given 
watershed, watersheds with n < 3 have been omitted, and 
watersheds with > 50% sedimentary + volcanic lithology have been 
omitted. 

Note: Large points represent group mean coordinates. Watershed types are defined in Figure 3.1. 
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Appendix C. Supporting information for Chapter 4 

Table C.1.  Expanded definitions of landcover classes used to characterize 
watersheds. The “Definition detail” column refers to class codes 
used in the source publications. 

Variable Description Citation Definition detail 

DF_TGC Drier forests (%) Thompson et 
al., 2016. 

Value = 5 and 9 

FF_TGC Fresh to very moist 
forests (%) 

Thompson et 
al., 2016. 

Value = 1, 2, and 10-12 

FW_TGC Wet and wetland 
forests (%) 

Thompson et 
al., 2016. 

Value = 3, 4, and 6-8 

AW_TGC All wetlands and wet 
forests (%) 

Thompson et 
al., 2016. 

Value = 3, 4, 6-8, and 14-18 

SU_TGC Shrub / herb upland 
(%) 

Thompson et 
al., 2016. 

Value = 13 

SW_TGC Shrub / herb 
wetland (%) 

Thompson et 
al., 2016. 

Value = 14-18 

AW All wetlands and wet 
forests = Shrub / 
herb wetland + Wet 
and wetland forests 
(%) 

Green, 2014. TS, BG, FS, WI, LS, YG, RH, RC, MD, YS, YC. 
Exactly the same as used by Thompson et al. 
(2016) to define broad ecosystem classes. 

SW Shrub / herb 
wetland (%) 

Green, 2014. TS, BG, FS, WI. Exactly the same as used by 
Thompson et al. (2016) to define broad ecosystem 
classes. 

FW Wet and wetland 
forests (%) 

Green, 2014. LS, YG, RH, RC, MD, YS, YC. Exactly the same as 
used by Thompson et al. (2016) to define broad 
ecosystem classes. 

WW All wetlands but not 
bog forests (%) 

Green, 2014. TS, BG, FS, WI, LS, RH, RC, YS, YC. i.e., 
everything on FW list except YG (bog forests) and 
MD, because they are not wetlands (soil moisture 
regime < 7). 

TSS Shallow blanket 
bogs (%) 

Green, 2014. TS with shallow depth modifier. 

TSD Deep blanket bogs 
(%) 

Green, 2014. TS without shallow depth modifier. 

TS Blanket bogs (%) Green, 2014. TS 
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Figure C.1.  Standardized regression coefficients for the 41 watershed properties 
used to predict stream DOC concentrations with partial least 
squares regression. Results are grouped by survey, from early 
spring (a) through early fall (d). 

Note: These models used the first two components. DOC sample sizes were 57, 58, 59, and 59, 
for (a), (b), (c), and (d), respectively. 
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