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Abstract 

 

Spatiotemporal controls on nutrient source and transport in Puget Sound rivers 
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Chair of the Supervisory Committee:  

Gordon Holtgrieve 

School of Aquatic and Fishery Sciences 

 

Understanding the factors controlling nitrogen (N) and phosphorus (P) in rivers is critical 

to preserve ecosystem functioning from land to the coast yet challenging given the complexity of 

climate and landscape interactions. These interactions operate across multiple spatial and 

temporal scales, often manifesting differently across rivers depending on watershed-scale 

controls, underscoring the need to study river N and P dynamics across diverse systems. My 

dissertation research investigates river N and P sources and transport in a human-influenced, 

mountainous region in western Washington state, aiming to disentangle the roles of climate and 

landscape variation in driving nutrient entry and delivery in coastal rivers. Using two large 

regional datasets at different temporal scales (i.e., seasonal, multi-decadal), I demonstrate the 

strong influence of regional and macro-scale climate patterns in driving seasonal river nutrient 

transport regimes, while highlighting the distinct role of watershed topography modifying river 



 
 

nutrient responses to hydroclimatic change. Further, by using stable isotopes to trace N sources 

in rivers, I show the origins of N entering these human-influenced, coastal rivers are closely 

linked to upland soils in the forested landscape, the flushing of which is dependent on seasonal 

climate. To mitigate the effects of climate and landscape alterations on riverine ecosystems, there 

is a pressing need to understand how the interaction of ecological controls will play out across 

river systems. Findings from my dissertation research elucidate these interactions, demonstrating 

the strength of climate and the physical environment in driving river nutrient delivery to the 

coastal environment, and enhancing the predictability of river nutrient transport in mountainous 

regions facing increasing impacts from climate change and human activity.
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INTRODUCTION 

Rivers and streams play a distinct role in regulating watershed ecosystem functioning 

through their ability to transform and transport nutrients from land to the coastal ocean 

(Aufdenkampe et al., 2011; Boyer et al., 2006). Dramatic increases in the transfer of nitrogen (N) 

and phosphorus (P) to freshwaters from human activities have stressed the bounds of river 

processes, fundamentally altering the delivery of N and P downstream and threatening 

freshwater and coastal water quality (Battye et al., 2017; Galloway et al., 2004; Vitousek et al., 

1997). Understanding the source and delivery of N and P between watershed components and 

across river systems is critical to preserve ecosystem functioning but challenging given the 

complexity of landscapes (Goyette et al., 2019a; Jankowski & Schindler, 2019), and the temporal 

structure of river hydrologic regimes (Knapp et al., 2020; Perakis, 2002). Furthermore, climate-

induced shifts in temperature and precipitation are altering river hydrologic regimes across the 

globe (Nijssen et al., 2001; Poff, 1992), while the broad ranging effects of land-use change 

continue to result in myriad water quality issues, such as eutrophication and hypoxia (Blaszczak 

et al., 2022; Hale et al., 2016). To understand how land use and climate-induced shifts interact 

across landscapes to influence aquatic ecosystem health, we need to identify the fundamental 

controls that govern river N and P biogeochemical fates across broad spatial and temporal scales 

(Heffernan et al., 2014; Soranno et al., 2014, 2019). 

Traditional ecosystems science has long emphasized the importance of terrestrial and 

hydrologic controls on biogeochemical cycling at the watershed scale (Bormann et al., 1968; 

Bormann & Likens, 1967). In 1968, Hubbard Brook scientists tested the small watershed concept 

in which scientists manipulated entire watersheds to understand the controls on nutrient losses 
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from terrestrial ecosystems (Bormann et al., 1968). By clear-cutting the forest of a small 

watershed, this study showed deforestation decreased the watershed capacity’s to retain water 

and nutrients, substantially increasing streamflow and N loads to streams in response to 

precipitation (Bormann et al., 1968). This approach inspired new ways of thinking and led to the 

foundational concept in aquatic ecosystems ecology that the structure and functioning of 

freshwater ecosystems are tightly linked to their terrestrial counterparts (Hynes, 1970; Likens, 

1984). Since then, watershed-scale studies continue to show that terrestrial uplands are 

fundamental to riverine organization, and that variations in land use and land cover strongly 

influence water and nutrient fluxes from watersheds to rivers and streams (Barnes & Raymond, 

2010; Lewis & Grimm, 2007). Notably, while medium to large rivers (discharge ranging from 10 

to >100 m³/s) are recognized as key players in biogeochemical cycles (Boyer et al., 2006), early 

research on watershed nutrient dynamics typically focused on smaller first- and second-order 

streams (discharge <0.1 m³/s) (Mulholland et al., 2008; Strahler, 1952). As a result, our 

understanding of nutrient biogeochemistry at intermediate to large watershed scales remains 

relatively limited (Alexander et al., 2009; Mulholland et al., 2008; Wollheim et al., 2006), 

particularly in the context of climate and landscape interactions (Soranno et al., 2014).  

 Further, although river N and P cycles are often studied in the context of their 

surrounding land use and land cover, the source, quantity, and delivery of N and P are also 

closely related to watershed topographic features, such as elevation, slope, or valley form 

(Connolly et al., 2018a; Goyette et al., 2019a; Schiff et al., 2002). In watersheds with steep 

slopes, strong energy gradients and reduced plant and soil development promote rapid infiltration 

of precipitation and low uptake of N and P  (Schiff et al., 2002; Sebestyen et al., 2019), such that 

nutrients quickly reach streams and are transported downriver (Bourgeois, Savarino, Némery, et 



3 
 

al., 2018a). Lower relief areas instead have longer water residence times and increased 

vegetation and soil organic matter, which enhances nutrient uptake and reactivity while 

decreasing precipitation-driven flushing of N and P to streams (Connolly et al., 2018a; Schiff et 

al., 2002). These processes, however, are often confounded by landform’s influence on the 

spatial distribution of human activity. Lower sloped areas, for instance, are more amenable for 

human development and agricultural practices, promoting the accumulation of N and P sources, 

altering hydrologic flow paths, and enhancing potential for nutrient mobilization (Goyette et al., 

2019a). Decades of human activity on flatter land have substantially increased the accumulation 

and leaching of N and P through soils (Van Meter et al., 2016), while the direct routing of 

nutrients through tile and storm drains has amplified precipitation-driven pulses of N and P to 

streams (Kaushal et al., 2014). Thus, watershed topography, combined with land use histories 

and precipitation patterns, may modify relative nutrient movement and source, but the balance of 

these controls in driving river N and P dynamics across watersheds of varying characteristics is 

often unclear (Goyette et al., 2019a). 

Characterizing how different landscape and climatic controls retain or release nutrients 

from watersheds to streams is critical to understanding the future of river N and P exports, but 

difficult due to the multiple scales at which these drivers operate and the complex interactions 

they produce (Heffernan et al., 2014; Levin, 1992; Soranno et al., 2014, 2019). For instance, 

current ecological stressors, such as climate change and altered biogeochemical cycles, are 

global in scale with impacts that manifest differently across ecosystems (Jankowski et al., 2023; 

Mulholland et al., 2008; Nijssen et al., 2001; Rice & Emanuel, 2017). In riverine environments, 

climate-induced shifts to the quantity and source (rain vs. snow) of precipitation will alter the 

timing and magnitude of seasonal river discharge, resulting in substantially altered river 
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hydrologic regimes (Mauger et al., 2015; Poff, 1992). The anthropogenic enrichment of 

landscapes with nutrients, particularly reactive N, is also broad ranging (Bennett et al., 2001; 

Fowler et al., 2013; Galloway et al., 2004). For example, anthropogenic N emitted to the 

atmosphere can be deposited in even the most remote environments, altering the delivery of N to 

streams and rivers once considered largely pristine (Baron & Campbell, 1997; Holtgrieve et al., 

2011). The processing and transport of river nutrients are fundamentally embedded within these 

large-scale hydroclimatic and biogeochemical shifts; however, the response of river nutrient 

concentrations and transport to change will likely vary across systems, making local variations in 

river N and P difficult to predict (Jankowski et al., 2023; McCluney et al., 2014; Smits et al., 

2017). 

While the impacts of climate and anthropogenic change may be expressed differently 

across rivers, summarizing variation among river systems that are spatially heterogenous and 

hydrologically diverse has the power to reveal the multiple interacting controls that drive 

hydrologic and biogeochemical change. For example, studies across rivers with contrasting land 

use and land cover have identified watershed forest cover as a critical modulator of streamflow 

responses to extreme precipitation (Kelly et al., 2016; Rice & Emanuel, 2017), while 

anthropogenic land use change has been shown to magnify the response of river N and P 

concentrations to seasonal and annual climate variation (Huang et al., 2021; Kaushal et al., 2014; 

Sobota et al., 2009). In relatively pristine, mountainous streams, research has further shown that 

the physical features of watersheds can act as master controls of physiochemical (Cline et al., 

2020; Jankowski & Schindler, 2019; Lisi et al., 2015; Smits et al., 2017) and biological processes 

(Holtgrieve et al., 2010), and constrain the sensitivity of ecosystem responses to hydroclimatic 

change. For example, in northern Alaska, stream nitrate (NO3
–) concentrations increased 
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predictably with catchment slope in response to seasonal permafrost thaw and snowmelt (Harms 

et al., 2016). Such relationships highlight the importance of both regional and local scale controls 

(e.g., climate, topography, and land use) on river N and P fates, and support the notion that by 

assessing nutrient dynamics across watershed subject to different controls, we can better 

understand the underlying processes that generate spatial and temporal variation (Levin, 1992; 

Lottig et al., 2017; Soranno et al., 2019). 

Over the past few decades, the study of stable isotopes has increasingly demonstrated 

their potential to unravel larger spatiotemporal patterns in river nutrient sources and 

biogeochemical transformations (Bostic et al., 2022; Kendall et al., 2007; Matiatos et al., 2021). 

Specifically, the N and triple oxygen isotopes of nitrate (14N, 15N, 16O, 17O, 18O), frequently the 

dominant form of reactive N, offer a direct means of terrestrial and atmospheric N source 

identification when the major sources of NO3
– to surface waters are isotopically distinct (Kendall 

et al., 2007). Isotopic studies can also help identify gaseous losses or uptake of N in ecosystems, 

as fractionation processes such as denitrification and assimilation result in an apparent isotopic 

enrichment of NO3
– (Aravena & Robertson, 1998; Sigler et al., 2022). Instream isotopic values 

typically represent a mixture of N-sources and these fractionations, which are largely driven by 

the land-use, geomorphology, and hydrographic stage of the surrounding catchment (Bourgeois, 

Savarino, Némery, et al., 2018b; Briand et al., 2017; Matiatos et al., 2021). Many applications of 

river isotopic NO3
– studies have focused on the sources and transformations of NO3

– within 

individual river reaches or at the watershed scale (S. Li et al., 2023; J. Lin et al., 2019; Rollinson 

et al., 2021a). However, recent studies have highlighted the potential of cross-system 

comparisons to elucidate the key environmental factors, such as land use, landform, and climate, 

that govern NO3
– sources, uptake, and reactivity (Bostic et al., 2022; Matiatos et al., 2021). 
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While the study of stable isotopes can provide a useful link between the origins of NO3
– and 

larger climatic and landscape processes, only a handful of studies have applied isotopes at 

broader scales to better understand the drivers of N sources and fates across river systems (Bostic 

et al., 2022; Burns et al., 2009; Matiatos et al., 2021; Sebestyen et al., 2019). 

This dissertation explores the multiple spatial and temporal controls that interactively 

structure the source and transport of river nutrients (N and P). To do so, I investigate seasonal, 

annual, and decadal-scale patterns of river N and P concentrations, yields, and NO3
– isotopic 

composition across a range of river and watershed types in the Puget Sound Basin, a spatially 

and climatologically complex region in Washington state. First, to better understand whether 

regional controls (like climate), or watershed variation (land-use or topography) play a larger 

role in driving the seasonal source and delivery of river N, I summarize monthly variation across 

Puget Sound river NO3
– concentration, yield, and isotopic time series (Chapter 1). Second, to 

understand how climate and landscape variation has influenced long-term water quality across 

Puget Sound rivers, I investigate the influence of climate, landform, and hydrologic regime on 

multi-decadal patterns of river dissolved inorganic N and P concentrations, ratios, and transport 

across the Puget Sound Basin (Chapter 2). Finally, to understand how climate interacts with 

landscape to express spatial variation in river NO3
– concentration and source across the Puget 

Sound Basin, I assess the influence of landscape gradients on atmospheric and terrestrially 

derived NO3
– sources across rivers and within watersheds and examine how these relationships 

vary under different hydrologic and climate conditions (Chapter 3). By summarizing river N and 

P variability across broad spatiotemporal scales, I elucidate how large-scale anthropogenic and 

climatic stressors will differentially impact river ecosystems in the Puget Sound Basin and other 

mountainous regions, including the Pacific Northwest and elsewhere.   
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CHAPTER 1: Climate and landform interact to control the source and 

transport of nitrate in Pacific Northwest rivers 

 

A version of this chapter was published as: Elmstrom, E. J., Holtgrieve, G.W., Scheuerell, M. D., 

Schauer, A. J., & Leazer, K. (2024). Climate and landform interact to control the source and 

transport of nitrate in Pacific Northwest rivers. Nature Communications Earth and Environment, 

5, 90. https://doi.org/10.1038/s43247-024-01235-8 

 

1.1 ABSTRACT 

 

The hydrological effects of climate change are documented in many regions; however, climate-

driven impacts to the source and transport of river nutrients remain poorly understood. 

Understanding the factors controlling nutrient dynamics across river systems is critical to 

preserve ecosystem function yet challenging given the complexity of landscape and climate 

interactions. Here, we harness a large regional dataset of nitrate (NO3
–) yield, concentration, and 

isotopic composition (δ15N and δ18O) to evaluate the strength of hydroclimate and landscape 

variables in controlling the seasonal source and transport of NO3
–.  We show that hydroclimate 

strongly influenced the seasonality of river NO3
–, producing distinct, source-dependent NO3

– 

regimes across rivers from two mountain ranges. Riverine responses to hydroclimate were also 

constrained by watershed-scale topographic features, demonstrating that while regional climate 

strongly influences the timing of river NO3
– transport, watershed topography plays a distinct role 

in mediating the sensitivity of river NO3
– dynamics to future change.  
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1.2 INTRODUCTION  

 

Rivers and streams play a critical role in regional nitrogen (N) cycles through the 

transport and in situ processing of dissolved reactive N as it moves from the land to the coast 

(Boyer et al., 2006). Dramatic increases in the load of N to freshwaters from human activities 

have stressed the bounds of riverine N processes, fundamentally altering patterns of riverine N 

transport, and exacerbating eutrophication in freshwaters and estuaries (Galloway et al., 2004; R. 

W. Howarth & Marino, 2006; Vitousek et al., 1997). Despite substantial investment to reduce 

watershed N loads to rivers, anthropogenic activity and land use change continue to elevate N 

sources across the landscape (Battye et al., 2017). Furthermore, as climate change strengthens 

precipitation patterns, hydro-climatic shifts are projected to alter the seasonal timing and delivery 

of NO3
– (frequently the dominant form of dissolved N) from watersheds to rivers and streams 

(Sinha et al., 2017). Understanding the factors controlling seasonal river NO3
– variation is critical 

to evaluate impacts downstream, but the balance of landscape and hydro-climatic variables in 

driving the N export dynamic remains unclear.  

For any river system, landscape features represent a potentially dominant driver of 

instream NO3
– concentrations and NO3

– yields (Lewis & Grimm, 2007; R. Howarth et al., 2012; 

Goyette et al., 2019b; Schiff et al., 2002; Harms et al., 2016). Specifically, geomorphic 

attributes, such as watershed slope, channel morphology, and floodplain area, determine water 

residence times and hydrologic connectivity, ultimately governing watershed NO3
– retention, 

loss (via biotic uptake or denitrification), and movement from watersheds to rivers and streams 

(Connolly et al., 2018a; Goyette et al., 2019b; Harms et al., 2016; Noe & Hupp, 2007; Schiff et 

al., 2002). Such catchment characteristics also influence the source composition and availability 
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of NO3
– by determining the structure and composition of vegetation and soils, and by 

constraining the spatial distribution of human activity. In watersheds with steep slopes, 

catchment topography limits human activity, restricting NO3
– source composition to nitrified soil 

ammonium (NH4
+) and atmospheric deposition (Bourgeois, Savarino, Némery, et al., 2018b; 

Kendall et al., 2007). Lower sloped areas instead increase space for human development, 

agricultural activity, and the growth of N-fixing species (such as alders, Alnus spp.)(Kendall et 

al., 2007), promoting the accumulation of N in soils and groundwater, enhancing the transport 

potential of NO3
– (Kumar et al., 2018; Van Meter et al., 2016). Spatial and temporal variation of 

river NO3
– is further controlled by seasonal precipitation patterns and river flow, which mobilize 

NO3
– from the landscape and drive the timing and magnitude of NO3

– transport across systems 

(Compton et al., 2020; Sinha & Michalak, 2016).  

Characterizing how different landscape and hydroclimatic controls transport or retain 

nutrients is important to improve the understanding of future river NO3
– exports, but difficult due 

to the multiple scales at which drivers operate and the complex interactions they produce 

(Heffernan et al., 2014; Levin, 1992; Soranno et al., 2019). For instance, current ecological 

stressors, such as changing land-use and climate change, are global in scale with impacts that 

propagate differently across ecosystems (Sinha & Michalak, 2016; Smits et al., 2017). In riverine 

environments, climate-induced shifts to the quantity and form (rain vs. snow) of precipitation 

will alter the timing and magnitude of river discharge. Specifically, in northern latitudes like the 

Pacific Northwest, increases in flashy, event-driven runoff and decreases in spring snowmelt are 

projected to substantially alter seasonal hydrologic regimes (Mauger et al., 2015; Poff, 1992). 

The integration of landscape-level features, such as watershed slope or past land use histories, 

within these larger patterns will likely produce different ecosystem responses, making local 
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variations of river NO3
– exports difficult to predict (Jankowski & Schindler, 2019; McCluney et 

al., 2014; Smits et al., 2017). The interaction of complex landscapes with altered climate patterns 

and river flows thus represents a key uncertainty in our understanding of riverine responses to 

ongoing climate and land-use change. 

While the impact of large-scale stressors may manifest differently in rivers and streams, 

precipitation and river flow have been shown to synchronize seasonal patterns of river NO3
– 

concentration and yield across watersheds that share similar characteristics (Basu et al., 2010; 

Van Meter et al., 2020). Flow-dependent nutrient regimes at the seasonal scale have been 

revealed, most recently in the Great Lakes, where monthly NO3
– concentrations were shown to 

be synchronous with discharge in both agricultural and unmanaged catchments (Van Meter et al., 

2020). Urban streams instead exhibited high concentrations during summer low-flow periods, 

creating out-of-phase nutrient regimes. In mountainous landscapes, research has shown that the 

physical features of watersheds can act as master controls of physiochemical (Cline et al., 2020; 

Jankowski & Schindler, 2019; Lisi et al., 2015; Smits et al., 2017) and biological processes 

(Holtgrieve et al., 2010), and constrain the susceptibility of ecosystem responses to climate and 

hydrologic variation. Such relationships highlight the importance of hydrologic connections and 

the role of both regional and local scale drivers (e.g., climate, land-use, and geomorphology) in 

the N export dynamic, and support the notion that by evaluating temporal patterns across rivers 

subject to different controls, we can better understand the underlying processes that generate 

shared or independent responses to hydroclimatic change (Levin, 1992; Lottig et al., 2017; 

Soranno et al., 2019).  

Increasingly applied over the past decades, the stable isotopes of NO3
– (δ15N and δ18O) 

are tracers of N sources and biogeochemical transformations, with potential to unravel larger 
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spatiotemporal trends (Matiatos et al., 2021). Traditional applications of dual isotopic studies 

have focused on source identification using δ15N and δ18O biplots, however overlapping ranges 

of δ15N and δ18O of NO3
– source values often limit direct source apportionment (Bourgeois, 

Savarino, Némery, et al., 2018b; Briand et al., 2017; Kendall et al., 2007). This overlap is further 

confounded by soil, aquifer, and stream processes (nitrification, denitrification, and assimilation) 

that fractionate δ15N and δ18O of NO3
– values and alter isotopic signatures of NO3

– pools (Briand 

et al., 2017; Matiatos et al., 2021; Venkiteswaran et al., 2019). Despite uncertainties in the 

assessment of sources, there is growing isotopic evidence that river NO3
– concentrations are 

driven by hydrologic connections with different ecosystem compartments (e.g., direct water 

transfer through soils during storms events, groundwater inputs, or hyporheic exchange) (Briand 

et al., 2017; F. Chen et al., 2009; Lohse et al., 2013; Rollinson et al., 2021a; Wadnerkar et al., 

2021). This has been shown in both temperate and tropical watersheds, where, at high river 

stages, NO3
– concentrations have been isotopically linked to the transfer of soil N from the 

legacy of human activity or from forest organic matter (Briand et al., 2017; F. Chen et al., 2009; 

Jiang et al., 2022; Lohse et al., 2013; Rollinson et al., 2021a; Wadnerkar et al., 2021). Inputs 

from atmospheric NO3
– are also linked to the hydrograph and have been shown to increase with 

spring and summer snowmelt in watersheds with higher elevation areas (Bourgeois, Savarino, 

Caillon, et al., 2018; Bourgeois, Savarino, Némery, et al., 2018b). This suggests that instream 

δ15N-NO3
– and δ18O-NO3

– values more accurately represent a mixture of seasonally dependent 

N-sources and fractionations, the proportions of which largely depend on the land-use history, 

geomorphology, and hydrographic stage of the catchment.  

Whether seasonal NO3
– dynamics are spatially coherent among rivers can help reveal the 

drivers of N sources and exports, however the evaluation of seasonal patterns across river δ15N 
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and δ18O of NO3
– time series has yet to be explored as an isotopic tool. Here, we took advantage 

of a unique two-year monthly data set of NO3
– concentration and yield, combined with 

corresponding sample analysis of dual-isotopes of NO3
– (δ15N, and δ18O) from 13 rivers that 

drain the Puget Sound basin in Washington State (see Fig. 1 for sample sites, see Fig. 2 for 

measured values). We applied a series of multivariate autoregressive state space models to 

quantify the degree to which monthly patterns of NO3
– yield, NO3

– concentration, δ15N-NO3
–, 

and δ18O-NO3
– (and therefore the inferred source of NO3

–) were coherent across the basin. 

Through the inclusion of environmental covariates, we then characterized potential hydro-

climate drivers shaping the timing, direction, and magnitude of monthly river NO3
– dynamics, 

and quantified how their effects varied across systems. We aim to address three questions: (1) 

Are there shared monthly patterns in river NO3
– yield, NO3

– concentration, δ15N-NO3
–, and δ18O-

NO3
– across Puget Sound rivers, and, if so, at what spatial or functional scale? (e.g., entire Puget 

Sound basin, among mountain ranges, or among land use or geomorphic groupings, Table 1), (2) 

What climate and hydrologic variables are best related to monthly variation in river NO3
– yield, 

NO3
– concentration, δ15N-NO3

–, and δ18O-NO3
–?, and (3) How does the response of river NO3

– 

yield, NO3
– concentration, δ15N-NO3

– and δ18O-NO3
– to hydro-climate variables vary with 

watershed-specific characteristics? By summarizing monthly variation at this regional scale, we 

sought to gain a better understanding of whether regional controls (like climate or hydrology), or 

individual watershed variation (land-use or geomorphic traits) played a larger role in driving 

seasonal patterns of yield, concentration, and source of river NO3
–. Further, by looking at the 

individual river responses to hydro-climate variation, we sought to understand how the 

sensitivity of seasonal NO3
– dynamics to hydro-climatic change might be modified by 

watershed-specific features, such as land-use cover, soil characteristics or watershed slope. 
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1.3 METHODS 

1.3.1 Study area 

The Puget Sound basin, located mostly in western Washington State, drains an area of 

approximately 13,700 km2 (Fig. 1). Bounded by the Olympic Mountains to the west and the 

Cascade Range to the east, watersheds in the basin represent a gradient of geomorphic settings, 

with lowland and mountain valleys formed by continental glaciers, alpine glaciers, sediment 

deposition, and incision from rivers (Hall et al., 2018). Climate in the basin is seasonally 

variable, characterized by cool, wet winters, and warm dry summers. The average annual rainfall 

is 2147 mm, and the average annual air temperature is 8°C (PRISM Climate Group, 2015). 

During the hydrologic years of study, about 1947 mm and 2478 mm of precipitation fell within 

2015 and 2016, respectively, and the average air temperature was 10°C in 2015 and 9°C in 2016 

(PRISM Climate Group, 2015). For watersheds along both the Cascade and Olympic ranges, 

about 80% of the annual precipitation occurs from October to March (PRISM Climate Group, 

2015). Within this setting, hydrologic regimes are governed by timing and form of precipitation 

and are characterized as rainfall-dominated (<600 m elevation with peak discharges in 

November-February) and mixed rain-and-snow hydrologies (>600 m elevation with peak 

discharges in February-June) (Hall et al., 2018; Reidy Liermann et al., 2012). Groundwater also 

sustains summer discharge in some rivers, as the unconsolidated glacial sediments of Puget 

Sound river channels are conducive to springs and hyporheic exchange (McGill et al., 2021). 

Notably, in 2015, substantial winter warming increased the proportion of precipitation falling as 

rain relative to snow, leading to declines in mountain snowpack and snowmelt-driven spring and 

summer discharge (Marlier et al., 2017). Though the effects of the snow drought were felt across 
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the entire basin, watersheds in the south Cascade Range and Olympic Mountains experienced the 

largest impacts to their snowmelt regimes (Marlier et al., 2017).  

Land use histories and development in the region have resulted in a gradient of human 

disturbance and land cover across the basin. While the slopes of the Cascade Range and Olympic 

Mountains remain mostly forested, transitions to urban and agricultural land uses along with 

increased logging since the late 1800s have removed substantial areas of floodplain forest in the 

lower basin. The central Puget Sound region has seen rapid urbanization in recent years, gaining 

over a million people since 2000 (Regional Data Profile, 2017). The south and central valleys of 

the western Cascade Range are now mainly urban and rural residential land, with some 

pastureland and forage crops (hay and corn) located outside the urban fringe (2015 WSDA 

Agricultural Land Use, 2022; Hill et al., 2016). The majority of forage and specialty crop 

cultivation (including cereal grains, berries, and vegetables) is located in the northeastern part of 

the basin in the Nooksack, Skagit and Snohomish river watersheds (2015 WSDA Agricultural 

Land Use, 2022). Forested areas along the lower Cascade Range are a mix of deciduous and 

coniferous forest and include large stands of the early successional N-fixing tree species, red 

alder (Alnus rubra) (Wise & Johnson, 2011). Watersheds along the eastern Olympic Mountains 

remain mostly forested with coniferous trees, but with some logging, and sparse pastureland, 

forage cropped fields and residential development (2015 WSDA Agricultural Land Use, 2022; 

Hill et al., 2016). The combination of forested, mountainous areas, agricultural valleys, and 

sprawling cityscapes creates a variable landscape across the Puget Sound basin, and drives a 

diversity of N inputs that cover the full range of NO3
– sources (Kendall et al., 2007). 
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1.3.2 Sample and data collection 

We used two years of river monthly water quality samples collected by the Washington 

Department of Ecology’s (DoE) River and Stream Water Quality Monitoring program from 

October 2014 to September 2016. The Washington DoE collects monthly water quality samples 

at nearly 100 river and stream stations across Washington state. For this study, we selected rivers 

that drain the Puget Sound Basin and range in their watershed physical and land use 

characteristics (Table 2, Fig. 6). This included 13 rivers, each with 1 DoE sampling station 

located near the Puget Sound outlet (Fig. 1). River order (i.e., Strahler number; Strahler, 1952) at 

the mouth ranged from 5 to 8, and sampling stations ranged from 4 to 300 m in elevation. We 

obtained subsamples of monthly water samples from each river site for NO3¯ stable isotope 

analysis (δ15N and δ18O) and paired them with corresponding NO3¯ concentration data from the 

Washington’s Department of Ecology’s Freshwater Information Network database (Washington 

Department of Ecology, 2023). Details concerning the Washington Department of Ecology’s 

water quality sample handling protocols and analytical methods can be found in (Von Prause, 

2021).  

To calculate river NO3¯ yields, we used the composite method within the loadflex R 

package (Appling et al., 2015) to calculate monthly river NO3¯ fluxes (estimated in kg day-1), and 

subsequently divided monthly fluxes by watershed area for monthly estimates of river NO3¯ 

yield in kg km-2 day-1. The composite method combines regression model predictions with model 

residuals to bring predictions closer to actual observations, thereby reducing model biases and 

increasing the accuracy of total flux estimates (Appling et al., 2015; Aulenbach, 2013; 

Aulenbach & Hooper, 2006). We therefore chose the composite method (in comparison to other 

methods, such as WRTDS or LOADEST models) as it provided the best estimate of actual river 
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NO3¯ yields across our rivers and our period of study. We provide plots of the monthly NO3
– 

yields, NO3
– concentrations, and NO3

– stable isotopic values (δ15N and δ18O) for each river site 

in Supplementary Figures 1 through 4.  

1.3.3 Stable isotope analysis of NO3
- 

We analyzed river water subsamples for nitrogen and oxygen isotope ratios of NO3¯ 

(15N/14N and 18O/16O) using the bacterial denitrifier method (Kaiser et al., 2007; Sigman et al., 

2001) at the University of Washington’s Δ*IsoLab. Briefly, we used denitrifying bacteria 

(Pseudomonas aureofaciens) to convert NO3
– and NO2 to N2O. The resultant N2O was extracted, 

purified, and pyrolyzed to N2 and O2 in a heated gold tube held at 800°C. The isotopic ratios of 

each gas were then measured by a Finnigan Delta-Plus Advantage isotope ratio mass 

spectrometer after being separated by a gas chromatograph. We report the ratios of 15N/14N and 

18O/16O of NO3
− in the delta (δ) notation in per mil (‰), where δ = (Rsample/Rstandard − 1) and R is 

the 15N/14N in N2 normalized atmospheric air N2 (Air) or 18O/16O normalized to Vienna Standard 

Mean Ocean Water (VSMOW). We calibrated δ15N and δ18O of NO3
− using three international 

reference materials, USGS34: δ15N = −1.8‰, δ18O = −27.8‰, USGS35: δ15N = +2.7‰, δ18O 

= +56.8‰, and IAEA-NO3: δ15N = +4.7‰, δ18O = +25.6‰. We verified analytical accuracy 

using replicate measurements of USGS35 and IAEA-NO3 (for δ15N and δ18O, respectively). The 

uncertainty was ±0.1‰ for δ15N and ±0.5‰ for δ18O (1SD, n = 84).  

1.3.4 Regional climate and hydrologic covariates 

We considered several climate and hydrologic predictors of river NO3
– concentration, 

NO3
– yield, δ15N-NO3

–, and δ18O-NO3
– time series. We chose monthly precipitation, snowmelt, 

water temperature, and the Standardized Precipitation Index (SPI) as metrics of climatic 
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variability. SPI is a widely used drought index which captures how precipitation deviates from 

the climatological average across different timescales (Zargar et al., 2011). We used 12-month 

SPI, which is timescale indicative of long-term drought events (Zargar et al., 2011). To calculate 

precipitation and snowmelt values, we extracted gridded estimates of total daily precipitation, 

and snow water equivalent (SWE) data for each watershed boundary from Oak Ridge National 

Laboratory’s Daymet dataset (Thornton et al., 2020) and summed the estimates per each month 

sampled. We then calculated monthly snowmelt for each watershed as the absolute value of 

negative differences in the cumulative SWE from each month to the next. We extracted monthly 

gridded estimates of 12-month SPI for each watershed boundary from the National Oceanic and 

Atmospheric Administration's nClimGrid-monthly dataset (U.S. Gridded Standardized 

Precipitation Index (SPI) from nClimGrid-Monthly | Drought.Gov, 2016). We obtained monthly 

water temperature measurements from the Washington’s Department of Ecology’s Freshwater 

Information Network database (Washington Department of Ecology, 2023), which were taken in 

the field alongside the provided river water quality samples.  

To evaluate the influence of river hydrologic variation, we included both event-driven 

and seasonal components of each river’s discharge hydrograph. By considering different 

components of the hydrograph in our analysis, we sought to reveal the role of flashy, runoff-

driven flow vs. the sustained, seasonal pulse of river discharge in driving monthly river NO3
– 

variation. To calculate seasonal and storm event-scale variations in discharge, we used recession 

analysis, a method that separates discharge hydrographs into short-term discharge variations 

driven by surface or interflow during storm events, and baseflow variations driven by slower 

water transit or eventual groundwater inputs (Lyne & Hollick, 1979; Nathan & McMahon, 1990; 

Xie et al., 2020). We extracted daily discharge data from the nearest U.S. Geological Survey 
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gaging station to each study site for the two years of study (no greater than 30 km from the 

sampling point) (USGS Water Data for the Nation, n.d.). To estimate the slow, seasonal (𝑄𝑠𝑙𝑜𝑤), 

and quick, short-term (𝑄𝑞𝑢𝑖𝑐𝑘) components of the hydrograph, we applied the baseflow recursive 

filter method (Minaudo et al., 2019; Nathan & McMahon, 1990) to each river hydrograph. To 

preserve the scale of individual storm events, we kept 𝑄𝑞𝑢𝑖𝑐𝑘 as the raw daily value specific to 

the sample date. To incorporate the influence of river flow at the seasonal scale, we calculated 

𝑄𝑠𝑙𝑜𝑤 as the previous week sum of estimated baseflow values. Further details on the estimation 

and chosen time windows of 𝑄𝑞𝑢𝑖𝑐𝑘 and 𝑄𝑠𝑙𝑜𝑤 can be found in the supplemental material 

(Supplementary Note 1, Supplementary Fig. 5).  

1.3.5 Watershed and landscape characteristics 

We compiled watershed-scale landscape metrics for each of the watersheds 

corresponding to our 13 river sites using the Environmental Protection Agency’s StreamCat data 

library (Table 2). These metrics included watershed area, mean watershed elevation, mean 

watershed soil depth, mean soil organic matter, watershed population density, and percent urban, 

wetland, agricultural, and forested land. We also included mean watershed slope in our analyses 

as it captures aspects of watershed topography and stream geomorphology that may influence 

NO3
– accumulations or transfers, such as water residence times, floodplain area, and hydrologic 

connectivity (Connolly et al., 2018a; Goyette et al., 2019b; Schiff et al., 2002). We calculated 

watershed slope as the average of all slope raster pixels within the boundaries of each individual 

river’s watershed using ArcGIS (v10.8).  
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1.3.6 Time series modeling approach 

We used multivariate autoregressive state space (MARSS) models to examine temporal 

trends in NO3
– concentration, NO3

– yield, and NO3
– isotopic composition (δ15N and δ18O) across 

13 major rivers in the Puget Sound basin (Holmes et al., 2021). MARSS models are a powerful 

class of time series models that can be used to evaluate hypotheses regarding synchrony among 

multiple time series (Jankowski et al., 2021; Smits et al., 2019; Webster et al., 2022). MARSS 

models consist of two equations. The process equation (1) is an estimate of changes in the true, 

but hidden, states of nature over time. The observation equation (2) relates actual observations to 

the unobservable process equation (1). 

𝐱𝑡 = 𝐁𝐱𝑡−1 + 𝐂𝐜𝑡−ℎ + 𝐰𝑡;  𝐰𝑡 ~ MVN (𝟎, 𝐐)     (1) 

𝐲𝑡 = 𝐙𝐱𝑡 + 𝐯𝑡;  𝐯𝑡  ~ MVN (𝟎, 𝐑)    (2) 

In the process model (1), xt is a j x 1 vector of hidden states in month t; j changes with 

each structure of Z tested in the observation equation. The j x j matrix B contains estimated 

parameters along the diagonal that determine the degree of mean‐reversion of each state process, 

and zeros elsewhere. The j × k matrix C contains the model-estimated effects of environmental 

covariates measured at time t – h, where h represents the time lag between the covariate and the 

response. The ct‐h vector (k x 1) contains each of the measured hydro-climatic covariate values. 

The j × 1 vector wt contains process errors, which are distributed as a multivariate normal with 

mean vector 0 and covariance matrix Q. The off-diagonals of the Q matrix measure covariance 

in the process errors after accounting for shared trends, thus providing an estimate of 

independence or correlation between the modelled trends, xt. 
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In the observation model (2), yt is an i x 1 vector of measured data (log NO3
– 

concentration, log NO3
– yield, or δ15N and δ18O of NO3

–) at time t from each watershed (i = 13). 

The Z matrix maps each of the measured river time series (i = 13) onto the hidden states in xt 

(the term state refers to the true, but unobserved temporal pattern of NO3
– concentration, yield, or 

isotopic value). The i × 1 vector vt contains the observation errors, which are distributed as a 

multivariate normal with mean vector 0 and covariance matrix R.  

1.3.7 Testing for seasonal patterns in NO3
- dynamics 

By specifying different structures of the Z matrix, we evaluated the data support for 

synchrony among NO3
– concentration, NO3

– yield, δ15N and δ18O of NO3
– time series at different 

spatial and functional scales ranging from the entire Puget Sound basin to individual watersheds 

(Table 2). We modeled each response variable separately and tested five options for the Z 

matrix, which represented the following river groupings: 1) All rivers follow the same state 

(“Basin model”), 2) There are two states defined by mountain range, one for rivers located in the 

Cascade Range, and one for rivers located in the Olympic Mountains (“Mountain model”), 3) 

There are three states defined by watershed land use (“Land use model”), 4) There are three 

states defined by watershed topographic and soil characteristics (“Geomorphology model”), and 

5) Each river follows its own independent state or trend through time (“Watershed model”). To 

define the Land use and Geomorphology model groupings, we used k-means clustering analyses 

to group the Puget Sound rivers based on the similarity and closeness of their watershed land use 

and geomorphic characteristics (Table 1, Supplementary Note 2). To evaluate the possible 

variance and covariance among state processes, we tested data support for four options of the Q 

matrix including: equal variance and equal covariance, independent variance and independent 

covariance, independent variance but no covariance, and equal variance but no covariance. 
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Because the collection and laboratory analysis of all samples was the same, we modeled the 

observation errors as independent and identically distributed (IID), such that R had a single 

estimated value along the diagonal and zeros elsewhere. In this piece of analysis, we set both the 

C and c matrices to zero. 

1.3.8 Testing covariates as drivers of monthly variation 

To evaluate the data support for different climate and hydrologic drivers of temporal 

variation in NO3
– concentration, NO3

– yield, δ15N and δ18O of NO3
–, and to test whether the 

effects of hydro-climate variables were shared across different spatial or functional scales, we 

used our “Watershed” scale model and adjusted the C matrix of the process model (1) to apply 

the covariate data in the c matrix to each watershed state process. We compared models that 

included 6 potential covariates: water temperature, precipitation, 𝑄𝑞𝑢𝑖𝑐𝑘 (as a measure of event-

scale discharge), 𝑄𝑠𝑙𝑜𝑤 (as a measure of seasonal-scale baseflow), snowmelt, and SPI. To reduce 

the number of model parameters, we fit each model with a single covariate, but compared five 

coefficient or “effect” options. This included (1) a Basin effect where state processes among all 

rivers responded identically to hydroclimate (one C coefficient per covariate); (2) a Mountain 

range effect where state processes among all rivers in a given mountain range (i.e., Cascade 

Range vs. Olympic Mountains) responded identically to hydroclimate (C = 2); (3) a Land use 

effect where state processes among rivers that share similar watershed land use responded 

identically to hydroclimate (C = 3); (4) a Geomorphology effect where state processes among 

rivers that share similar watershed topography and soil characteristics responded identically to 

hydroclimate (C = 3), and (5) a Watershed effect where state processes for each river responded 

uniquely to hydroclimate (C = number of state processes (13); Table 1). To avoid double 
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counting, we did not include discharge (𝑄𝑞𝑢𝑖𝑐𝑘 or 𝑄𝑠𝑙𝑜𝑤) as a covariate for our NO3
– yield 

models. 

To facilitate model comparisons and interpretation across river groupings and covariates, 

we standardized all response variable and covariate data to have a mean of 0 and standard 

deviation of 1. In our test for spatial synchrony, we used Akaike Information Criterion adjusted 

for small sample size (AICc)(Burnham & Anderson, 2004) to rank models with varying numbers 

of states as determined by the Z matrix and different forms of Q. In our covariate analysis, we 

again used AICc to rank different models that varied by which covariate was included (c matrix) 

and the extent to which the effect of the coefficient was shared or unique (C matrix). We also 

included a null “Watershed” model with no covariates. For both analyses, we selected the model 

with the lowest AICc value as the best model. We considered models with a ∆AICc of less than 

10 to show moderate statistical support. 

Post hoc, we used Pearson correlation coefficients to examine if variation in river-

specific covariate effect sizes (C) could be explained by watershed geomorphic or land-use 

attributes (including watershed area, elevation, slope, soil depth, soil organic matter, and percent 

urban, wetland, agricultural, and forested land).  

1.4 RESULTS 

1.4.1 Shared monthly patterns in river NO3
- dynamics 

We found that temporal patterns in monthly river NO3
– dynamics were strongly coherent 

across the Puget Sound basin at the mountain range scale. For all four response variables (NO3
– 

yield, NO3
– concentration, δ15N-NO3

–, and δ18O-NO3
–), the model with states defined by 
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mountain range resulted in the greatest support compared to either individual watershed, or land-

use, geomorphology, and basin-wide grouping structures (Supplementary Tables 1-4). The next 

best model in terms of river grouping was the geomorphology grouping structure, which was 

also consistent across all four response variables. However, none of the geomorphology models 

had particularly high statistical support (ΔAICc < 2), with ∆AICcs of 8.7, 3.2, 8.3, and 9.3 for 

NO3
– yield, NO3

– concentration, δ15N-NO3
–, and δ18O-NO3

–, respectively. This suggests that 

monthly variation in NO3
– yield, NO3

– concentration, δ15N-NO3
–, and δ18O-NO3

– was best 

defined by two river state processes, one for rivers located in the Cascade Range, and one for 

rivers located in the Olympic Mountains (Fig. 3).  

Models with correlated process errors were best supported by all response variable data 

(Supplementary Tables 1-4). For NO3
– yield, NO3

– concentration, and δ18O-NO3
–, the best 

process error structure had equal variance and covariance among the two state processes 

(Supplementary Tables 1, 2, and 4), indicating that states across the two mountain ranges were 

temporally correlated and shared similar magnitudes in the peaks and troughs of their curves 

through time. For δ15N-NO3
–, the best model included an unconstrained Q matrix structure 

(Supplementary Table 3), indicating that states were temporally correlated across mountain 

ranges, but the magnitude of monthly variation differed between the Cascade Range and 

Olympic Mountain rivers.  

1.4.2 Hydro-climate drivers of monthly river NO3
- variation  

For all response variables, the best covariate model included a shared coefficient among 

rivers within each mountain range (Supplementary Tables 5-8). That is, rivers in the Cascade 

Range shared similar effects of hydro-climate variables, while the effects of hydro-climate 
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variables shared by rivers in the Olympic Mountains were distinctly different. For example, for 

both NO3
– yield and concentration, the model including precipitation had the most data support 

(Supplementary Tables 5-6), but the magnitude and directionality of the precipitation effect 

varied for rivers in each mountain range. In the Cascade Range rivers, precipitation had a 

positive effect on NO3
– concentration and yield (Fig. 4a, b), indicating that during periods of 

heavy rainfall, the amount and export of river NO3
– increased. In the Olympic Mountain rivers, 

however, precipitation’s effect on NO3
– yield was smaller than rivers in the Cascade Range, and 

the effect on river NO3
– concentrations was strongly negative (though not statistically significant 

from 0, Fig. 4a, b). For both NO3
– concentration and yield, the next best covariate model 

included an effect of water temperature at the mountain range scale (NO3
– concentration ΔAICc = 

1.9, NO3
– yield ΔAICc = 9.8). In the Cascade Range rivers, water temperature had a negative 

effect on NO3
– yield but was unrelated to NO3

– concentrations. Conversely, in the Olympic 

Mountain rivers, the effect of water temperature was unrelated to NO3
– yields but exhibited a 

strong positive effect on NO3
– concentrations (Fig. 4a, b).  

Event-scale discharge and precipitation best explained variation across δ15N-NO3
– 

patterns (𝑄𝑞𝑢𝑖𝑐𝑘 ΔAICc = 0, Precipitation ΔAICc = 6.7, Supplementary Table 7). In the Cascade 

Range rivers, 𝑄𝑞𝑢𝑖𝑐𝑘 had a strong, negative effect on the δ15N-NO3
– time series (Fig. 4c), 

indicating that depleted δ15N-NO3
– values were highly correlated with winter runoff or storm 

events. The effect of 𝑄𝑞𝑢𝑖𝑐𝑘 on δ15N-NO3
– was, however, not present in the Olympic Mountain 

rivers, as indicated by an effect size that was not statistically distinguishable from 0 (Fig. 4c). 

Precipitation was the second-best explanatory covariate for δ15N-NO3
– and further enforced these 

differences between the two mountain ranges. In the Cascade Range rivers, δ15N-NO3
– values 
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decreased when precipitation increased (Fig. 4c), and again, in the Olympic Mountain rivers the 

effect of precipitation on δ15N-NO3
– was not statistically distinguishable from 0 (Fig. 4c).  

For δ18O-NO3
–, snowmelt was the best descriptor of isotopic variation (Supplementary 

Table 8). Snowmelt had a strong, positive effect on δ18O-NO3
– in the Olympic Mountain rivers 

(Fig. 4d), but no effect on δ18O-NO3
– in rivers in the Cascade Range (Fig. 4d). The second most 

parsimonious model for δ18O-NO3
– at the mountain range scale included 𝑄𝑞𝑢𝑖𝑐𝑘 (ΔAICc = 7.7). 

Positive values of 𝑄𝑞𝑢𝑖𝑐𝑘 were strongly related to depleted δ18O-NO3
– values in the Cascade 

Range (negative effect sizes, Fig. 4d). In the Olympic Mountain rivers, 𝑄𝑞𝑢𝑖𝑐𝑘 had a positive, but 

insignificant, effect (Fig. 4d).   

For all response variables, no other explanatory covariate had a high (ΔAICc < 2) or 

moderate (ΔAICc < 10) degree of support. However, the second most parsimonious model for all 

the best explanatory covariate models included a common response to hydroclimate at the 

geomorphic grouping scale (Supplementary Tables 5-8).  

1.4.3 Landscape controls of river NO3
– responses to hydroclimate 

The sensitivity of NO3
–, NO3

– yield, δ15N-NO3
–, and δ18O-NO3

– among rivers to hydro-

climate drivers (i.e., covariate effect sizes) covaried strongly with mean watershed slope (Fig. 5). 

For both NO3
– concentration and yield, steep watersheds were less sensitive to the positive 

effects of precipitation. As mean watershed slope increased, the effect of precipitation on NO3
– 

yield diminished (Fig. 5a) or became negative for NO3
– concentration (Fig. 5b). Similarly, the 

negative effect of 𝑄𝑞𝑢𝑖𝑐𝑘 on δ15N-NO3
– was greater in rivers draining relatively flat watersheds 

with more floodplain area and the effect lessened as watershed slope increased (Fig. 5c). Rivers 
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draining steeper watersheds had the strongest effect of snowmelt on δ18O-NO3
–, and this effect 

did not exist or was negative in less-steep watersheds (Fig. 5d).  

1.5 DISCUSSION 

Using a unique regional dataset, we show the monthly riverine NO3
– dynamics were 

coherent across watersheds within individual mountain ranges, despite wide variation in land use 

and hydrologic regimes across watersheds in the Puget Sound Basin. Our findings demonstrate 

the overarching importance of regional-scale climate drivers such as precipitation on N transport 

in rivers, while simultaneously identifying different components of the hydrograph as an 

important control of monthly NO3
– source variation in both human-influenced and in more 

pristine catchments. Furthermore, we found that not all rivers were equally sensitive to 

hydroclimate variables, and that variation in this sensitivity was largely determined by a simple 

geomorphic feature - mean watershed slope. These results suggest that while regional-scale 

climate controls seasonal NO3
– delivery in Puget Sound rivers, watershed topography plays a 

distinct role in influencing landscape-level drivers of NO3
– source and transfer, which together 

modify the response of riverine NO3
– dynamics to hydroclimatic change.  

1.5.1 Seasonal patterns at the mountain-range scale  

Monthly coherence in NO3
– dynamics at the mountain-range scale suggests that regional-

scale processes have stronger controls on seasonal patterns of NO3
– concentration, yield, and 

isotopic signatures than finer watershed-scale variation. Given known links between river 

discharge, solute concentration, and flux (Basu et al., 2010; Sinha & Michalak, 2016; Van Meter 

et al., 2020), we anticipated some degree of coherence in NO3
– concentration and yield time 

series among rivers, but the exact extent of that coherence was unknown. The separation of NO3
– 
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yield and NO3
– concentration patterns in the Cascade Range and Olympic Mountain rivers likely 

reflects the cumulative differences in landscape composition that exist between the two mountain 

ranges. The lower sloped watersheds of the Cascade Range have sprawling valley floors, with 

larger wetland and riparian areas, deeper soils, and varied degrees of agricultural activity and 

human development. Watersheds in the Olympic Mountains are instead spatially constrained in 

relief, generally high elevation, and remain mostly forested with little to no agriculture and 

sparse human development (Table 2, Fig. 1c). Our results thus agree with previous work that 

seasonal-scale nutrient regime curves can be driven by regional-scale variation, such as seasonal 

flow and precipitation patterns, but become asynchronous with varying physical traits and land-

use histories due to differences in source type and availability (Van Meter et al., 2020). 

With large variation in watershed land-use and hydrogeomorphic characteristics among the 

Puget Sound basin rivers (Table 2, Fig. 1c), we expected watershed-specific traits to drive varied 

source proportions and processing rates and to diminish the coherence in monthly values of δ15N 

and δ18O of NO3
–. Instead, despite broad variation in watershed characteristics, rivers in the 

Cascade Range experienced notable coherence δ15N-NO3
– and δ18O-NO3

– over time, and rivers 

in the Olympic Mountains shared strong monthly patterns of δ18O-NO3
–, but little change in 

δ15N-NO3
– (Fig. 3). The observed degree of coherence found across δ15N and δ18O of NO3

– time 

series, along with the divergent patterns between the Cascade Range and Olympic Mountain 

rivers, suggests that the two isotopic states depict a region-specific mixture of seasonally 

dependent NO3
– sources, or perhaps show cumulative fractionation processes that are similar in 

each river group.  
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1.5.2 Hydroclimate drivers in the Cascade Range and Olympic Mountain rivers 

The support for seasonal coherence at the mountain range scale was further corroborated by 

our covariate analysis, where correlations between hydroclimate drivers and NO3
– response 

variables highlighted fundamental differences in NO3
– source availability, transport potential, 

and transformation processes across the Cascade Range and Olympic Mountains. In the Cascade 

Range rivers, we found that precipitation had positive effects on both NO3
– concentration and 

yield, and that NO3
– yields decreased seasonally as the hydrograph fell and river waters warmed 

(as indicated by the negative effect of water temperature; Fig. 4a.). This finding supports the 

notion that in these moderately to highly disturbed catchments, river nutrient export is “transport 

limited”, and that NO3
– yields are primarily driven by the seasonal mobilization of NO3

– sources 

with increased precipitation and resultant river flow (Basu et al., 2010; Sinha & Michalak, 2016). 

In anthropogenically modified watersheds, N accumulates within soils and groundwater from 

fertilizer and manure applications (Basu et al., 2010; Van Meter et al., 2016), septic waste 

(Jankowski et al., 2012; Weitzman et al., 2021), N-fixing species (such as legumes or alder 

(Compton et al., 2003, 2020)), or from altered atmospheric deposition patterns across the 

watershed (Bourgeois, Savarino, Caillon, et al., 2018; Bourgeois, Savarino, Némery, et al., 

2018b; Hundey et al., 2016a). Consistent relationships between hydro-climate variables and 

NO3
– loads across human-modified catchments have thus been attributed to the mobilization of 

accumulated NO3
– pools in soils and groundwater (Basu et al., 2010; Van Meter et al., 2016), 

rather than direct runoff from surface point sources.  

In the Olympic Mountain rivers, the effect of precipitation on NO3
– yield was positive, but 

smaller than in the Cascade Range rivers, signaling a reduced response of monthly NO3
– 

transport to increased precipitation in rivers draining relatively intact watersheds. Snowmelt had 
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a negative effect on NO3
– yields in Olympic Mountain rivers, which reflects a decrease in NO3

– 

export during spring freshets in rivers with snow-driven hydrologies. This, combined with the 

uniformly negative effects of hydro-climate variables on NO3
– concentrations, suggests that 

Olympic Mountain rivers were highly sensitive to the effects of seasonal dilution with increased 

river volume. Negative concentration-discharge relationships have been shown in other forested 

and undeveloped watersheds (J. M. Duncan et al., 2017; Goodale et al., 2009), and have been 

described as “source limited” due to the absence of excess watershed N supplies. In these 

systems, NO3
– concentrations peak in the summer and during the rising limb of the hydrograph 

from increased stream or nearby soil nitrification pools, then decrease with the exhaustion of 

sources (J. M. Duncan et al., 2017). The increase in NO3
– concentrations with warm summer 

flows supports this hypothesis (positive effect of water temperature; Fig. 4b). Collectively, this 

indicates that the Olympic Mountain rivers are “source limited” in their NO3
– patterns and that 

NO3
– source pools are quickly depleted with the onset of fall precipitation.  

Our isotopic results reinforce this distinction between “transport” and “source limited” NO3
– 

regimes in the Cascade Range and Olympic Mountain rivers and highlight the importance of 

hydrologic connections between different ecosystem compartments, such as soil N pools. After 

the addition from fertilizers, atmospheric deposition, snowmelt, or mineralization within soils, 

NH4 can be nitrified to NO3
–, resulting in high NO3

– concentrations with relatively low δ15N-

NO3
– and δ18O-NO3

– values (Briand et al., 2017; Kendall et al., 2007; Rollinson et al., 2021a; 

Sebilo et al., 2013; Venkiteswaran et al., 2019). This is especially relevant in watersheds with 

historical and current land use change, where additions of N to the landscape enhance soil 

mineralization and subsequent nitrification rates (X. Lin et al., 2020). Higher net nitrification has 

also been shown to occur under N-fixing red alder trees (Hart et al., 1997; Perakis et al., 2012), a 
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species prevalent along the Cascade Range valley floors due to both human and riparian 

disturbance. In the Cascade Range rivers, the observed negative relationship between storm 

event-scale variations in river flow (𝑄𝑞𝑢𝑖𝑐𝑘) and precipitation and δ15N-NO3
– thus implies that 

heavy winter rains and flooding may uniformly and rapidly mobilize nitrified soil NH4
+, 

decreasing river δ15N-NO3
– during high flow events. The decrease in river δ15N-NO3

– with 

winter rains could also be attributed to the delivery of atmospheric NO3
– or direct runoff from 

NO3-based fertilizers. However, if that were the case, δ18O-NO3
– would have increased with 

precipitation. Instead, Cascade Range δ18O-NO3
– values decreased with increased event-scale 

flow and precipitation (negative effect sizes; Fig. 4), supporting a link between wintertime NO3
– 

yields and inputs of nitrified soil NH4
+ from the legacy of human activity in the region. 

The Cascade Range rivers experienced noticeable enrichment of δ15N-NO3
– during the spring 

and summer months as NO3
– exports fell (Fig. 3c). While we lack a covariate that adequately 

captures this seasonal variation, this could be explained by the drainage from a relatively 15N 

enriched NO3
– pool, such as septic and manure waste, or by NO3

– that has undergone 

denitrification or biological uptake (assimilation). During denitrification and assimilation, the 

lighter isotopes of δ15N and δ18O are preferentially processed, resulting in the dual isotopic 

enrichment of residual NO3
– (Aravena & Robertson, 1998; Böttcher et al., 1990; Briand et al., 

2017; Kendall et al., 2007). In fact, we do see a shared seasonal enrichment of the δ15N-NO3
– and 

δ18O-NO3
– states in Cascade Range rivers (Fig. 3c, d), suggesting that summertime NO3

– 

concentrations could be influenced by nutrient retention processes that occur instream or 

elsewhere within watersheds. Notably, the Cascade Range watersheds have increased riparian 

and wetland areas, which promote anoxia and denitrification (Hanson et al., 1994) (Table 2), and 

the river channels themselves are conducive to groundwater springs and exchange with the 
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reactive hyporheic zone (McGill et al., 2021). As discharge volumes and velocities decline, it is 

possible that increased connections with biogeochemically reactive sites or increased proportions 

of denitrified NO3
– from external pools could seasonally enrich the Cascade Range δ15N-NO3

– 

and δ18O-NO3
– river values (Briand et al., 2017; Gomez-Velez et al., 2015; Marcé et al., 2018). 

However, summertime values of δ18O-NO3
– across the Cascade Range rivers were distinctly 

more variable (Fig. 3d) and could also be enriched by unprocessed atmospheric NO3
– (Bostic et 

al., 2022; Bourgeois, Savarino, Némery, et al., 2018b). Furthermore, processes such as 

respiration and O-isotopic exchange between NO2 and H2O molecules during nitrification can 

significantly alter δ18O-NO3
– values (Venkiteswaran et al., 2019), making nutrient retention 

patterns difficult to surmise at this regional scale. 

In the Olympic Mountain rivers, the observed effects of hydroclimate variables on the 

isotopic states suggest that NO3
– concentrations were derived mostly from a combination of soil 

or instream nitrification processes and contributions from atmospheric deposition. Average δ15N-

NO3
– values were low (Fig. 2), and correlations with seasonal hydro-climate variables were 

insignificant (Fig. 4c). The lack of significance of δ15N-NO3
– with temporal variables in Olympic 

Mountain rivers indicates that δ15N-NO3
– values were relatively unchanged through time, and 

there was limited mixing among isotopically distinct sources, or isotopic enrichment from human 

waste or agricultural inputs. Increased snowmelt in the Olympic Mountains had a positive effect 

on δ18O-NO3
–, and the singular peak of δ18O-NO3

– in Olympic Mountain rivers coincided with 

local climate conditions, rising during a normal hydrologic year in 2016, but absent during 2015, 

which was a record drought in terms of snowpack for Washington State (Marlier et al., 2017). 

The positive effect of snowmelt, and the timing of increased δ18O-NO3
–, implies that spring and 
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early summer snowmelt washes unprocessed atmospheric NO3
– downstream, increasing 

measurable atmospheric contributions to the Olympic Mountain river NO3
– pools.  

1.5.3 Landform influence on river responses to hydroclimate  

The final piece of our analyses identifies watershed-scale differences in landform as a strong 

underlying control of the contrasting responses of the Cascade Range and Olympic Mountain 

rivers to hydro-climatic change. We found that a significant amount of the variation in the 

individual river NO3
– responses to hydroclimate variables was explained by a simple geomorphic 

metric, mean watershed slope (Fig. 5). NO3
– yields, NO3

– concentrations, and δ15N-NO3
– values 

in rivers draining flatter watersheds were distinctly more sensitive to changes in precipitation and 

storm-event scale flows. In contrast, δ18O-NO3
– in rivers draining mid- to high-sloped 

watersheds were less sensitive to runoff-related hydrologic conditions, and highly sensitive to 

changes in snowmelt (Fig. 5). This relationship between river NO3
– sensitivities and watershed 

slope illuminates the broad-scale influence of topography on river ecosystem function. 

Watershed topography can directly influence the source, transfer, and transport of NO3
– directly 

through both physical and chemical mechanisms. For example, in watersheds with steep slopes, 

strong energy gradients rapidly route water and snowmelt to stream channels, quickly 

transferring available NO3
– (Connolly et al., 2018a; Harms et al., 2016; Schiff et al., 2002). 

Lower relief areas instead increase residence times and rates of N reactivity (Connolly et al., 

2018b; Goyette et al., 2019b; Harms et al., 2016), and also promote river connections to N 

sources and sinks across high flow (i.e., floodplain soils (Bechtold et al., 2003; Noe & Hupp, 

2007)) and low flow conditions (i.e., hyporheic and channel storage zones (Briand et al., 2017; 

Lohse et al., 2013; Marcé et al., 2018)). Terrain relief can also indirectly affect NO3
– dynamics 

through its control on the distribution of human activity. In flat watersheds, humans populate and 
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modify the landscape to larger degrees, enhancing the accumulation of NO3
– on land and in soils 

(Basu et al., 2010; Van Meter et al., 2016), while often altering hydrologic flow paths (Kaushal 

et al., 2014). Together, this can saturate or bypass biogeochemical retention opportunities, and 

ultimately increase the potential for NO3
– transfers and transport downstream (Kumar et al., 

2018; Mulholland et al., 2008). 

Our results highlight that while regional-scale variation exhibits large controls on monthly 

NO3
– sources and exports across the Puget Sound Basin, watershed characteristics still influence 

river sensitivity to hydroclimate variables. Specifically, our results imply that differences in 

landform, and therefore availability, source, and transfer of NO3
–, alters NO3

– inputs across 

rivers in the two mountain ranges, as well as the sensitivity of river NO3
– transport to hydro-

climatic change. This finding is similar to recent work from Alaskan watersheds (Cline et al., 

2020; Connolly et al., 2018b; Harms et al., 2016; Jankowski & Schindler, 2019; Lisi et al., 2015; 

Smits et al., 2017) and is meaningful in that it supports the notion that watershed slope can act as 

a master variable for predicting biogeochemical processes, ultimately modifying the response of 

river ecosystem function to climate across watersheds of varying relief. In the Pacific Northwest, 

climate change is predicted to increase the proportion of precipitation falling as rain relative to 

snow (Hamlet et al., 2013; Marlier et al., 2017). With more precipitation falling as rain, instances 

of flooding and storm-event scale flow are likely to increase, particularly in low and mid-sloped 

watersheds. The results of our analyses imply that the sensitivity of river NO3
– transport to 

hydro-climatic changes may be strongest in watersheds with lower slopes where excess NO3
– can 

be stored and remobilized in response to precipitation and high river flows. While further 

research is needed to understand climate-driven perturbations to river nutrient dynamics across 

human modified catchments, this work demonstrates the strong influence of topography on river 
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NO3
– dynamics and reveals watershed slope as a potential predictor of river responses to 

hydroclimatic change.  

1.5.4 Conclusions 

This work contributes to the understanding of spatiotemporal patterns of river NO3
– source 

and transport, including insight into seasonal patterns, as well as the identification of physical 

mechanisms at finer scales. We provide evidence that regional climate exhibits strong controls 

on monthly isotopic composition, concentration, and yield of river NO3
–, forming distinct source 

and transport-driven NO3
– regimes across two local mountain ranges. Within these broad-scale 

patterns, we also show that watershed landform influences the availability and transfer of NO3
–, 

ultimately controlling the sensitivity of river NO3
– dynamics to climate. Climate change is likely 

to have important effects on river NO3
– transport, with impacts that will play out differently 

across watersheds (Sinha et al., 2017; Soranno et al., 2019). The clear linkage between NO3
– 

regimes, hydroclimate, and landform has broad implications for river nutrient management and 

suggests that topographic features, such as watershed slope, could be used to improve scenarios 

of NO3
– transport at the scale of regions, which will become increasingly important as climate, 

hydrology, and land use continues to change. 
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1.6 TABLES 

Table 1. Description model structures considered in the MARSS time series models. Models 

compared groupings of NO3
– concentration, NO3

– yield, δ15N, and δ18O of NO3
– time series and 

the effects of hydroclimate on state processes at different spatial and functional scales (see 

Methods for details). 

 

Model name Model descriptions # of state processes 

Basin 
All rivers in the Puget Sound basin follow the same 

hidden state or trend through time. 
1 

Mountain 

There are two hidden states defined by mountain range, 

one for rivers located in the Cascade Range, and one for 

rivers located in Olympic Mountains. 

2 

Land-use 

Rivers that share similar watershed land-use and degree of 

human disturbance follow the same hidden state  

(i.e., urban vs. agriculture vs. forest). 

3 

Geomorphology 

Rivers that share similar watershed topographic and soil 

characteristics follow the same hidden state.  

Groupings as follows: 1) Small watershed area, high slope 

and elevation, lower soil depths and organic matter (OM), 

2) Large watershed area, high slope and elevation, lower 

soil depths and OM, 3) Intermediate watershed area, 

lower slope and elevation, and higher soil depths and OM. 

3 

Watershed 
Each river follows its own independent state or trend 

through time. 
13 

 

Table 1-1 Model descriptions 
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Table 2. River and watershed characteristics ordered by decreasing monthly mean NO3
- 

concentration. Other descriptors include watershed area, mean watershed elevation, mean 

watershed slope, stream order, percent urban, agriculture, wetland, and forest cover by area of 

the watershed, mean watershed soil depth, and mean watershed soil organic matter (OM). Water 

quality sampling sites are labeled on Figure 1 using the italicized abbreviations in the first 

column of the table.   

 

Table 1-2 Watershed characteristics 
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1.7 FIGURES 

Figure 1.1. Map and characteristics of the Puget Sound Basin watersheds of study. a) The 

watersheds of study shaded with their local slope in degrees. Black points represent the river 

water quality sampling stations. Italicized abbreviations refer to the river names, which are 

provided in full in Table 2. b) Location of the Puget Sound Basin within Washington state and 

British Columbia.  c) Ordination plot showing principal component analysis (PCA) of watershed 

characteristics from the Puget Sound Basin rivers. Green points represent rivers located in the 

Cascade Mountains. Purple points represent rivers located in the Olympic Mountains. Length 

and direction of arrows on the ordination are proportional to vector loading of watershed 

characteristics into each principal component (PC). 

 

Figure 1-1 Study map 
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Figure 1.2. NO3
– concentrations, δ15N-NO3

–, and δ18O-NO3
– measured in the Puget Sound 

rivers. a) δ15N-NO3
– plotted versus NO3

– concentrations. b) δ18O-NO3
– plotted versus δ15N-NO3

–

. Green points are values measured in the Cascade Range rivers. Purple points are values 

measured in the Olympic Mountain rivers. Typical ranges of the different nitrate end-members 

are also presented (Kendall et al., 2007), as well as the two typical trends (1:1 and 2:1) observed 

in literature(Kendall et al., 2007) for denitrification. 

 

Figure 1-2 d15N vs. NO3 
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Figure 1.3. Modeled states for each response variable at the “Mountain range” scale (our most 

supported model). Green lines are the Cascade-level modeled state for each response variable (a-

d). Purple lines are the Olympic-level modeled state for each response variable (e-h). Estimates 

are shown with their standard error, shaded in green and purple respectively. Gray circles 

represent the measured water quality sample data for the individual watersheds. Blue lines 

represent mean daily discharge across each mountain range river group. All data are standardized 

by mean and variance. 

 

Figure 1-3 Mountain states 
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Figure 1.4. Estimated MARSS model coefficients for each covariate model considered at the 

mountain range scale. a) Effects of water temperature, precipitation, snowmelt and Standardized 

Precipitation Index (SPI) on NO3
– yield at the mountain range scale. b-d) Effects of water 

temperature, precipitation, snowmelt, event-driven discharge (𝑄𝑞𝑢𝑖𝑐𝑘), seasonal discharge 

(𝑄𝑠𝑙𝑜𝑤), and SPI on NO3
– concentration, δ15N-NO3

–, and δ18O-NO3
– at the mountain range scale. 

Green points are the covariate effects shared among Cascade Range rivers. Purple points are the 

covariate effects shared among Olympic Mountain rivers. Points are maximum likelihood 

estimates for each coefficient with horizontal bars indicating the 95% confidence intervals 

around that estimate. 

  
Figure 1-4 Climate effects 
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Figure 1.5. Watershed-scale MARSS covariate coefficients plotted versus mean watershed slope 

for each of our best covariate models. a-b) Watershed-scale effects of precipitation on NO3
– 

yield and NO3
– concentration plotted versus mean watershed slope. c) Watershed-scale effects of 

event-driven discharge (𝑄𝑞𝑢𝑖𝑐𝑘) on δ15N-NO3
– plotted versus mean watershed slope. d) 

Watershed-scale effects of snowmelt on δ18O-NO3
– plotted versus mean watershed slope. Green 

points represent the covariate effect for each of the Cascade Range rivers.  Purple points 

represent the covariate effect in the Olympic Mountain rivers. Pearson correlation coefficients 

are given in the lower left or upper left corner of each plot. 

 

 

Figure 1-5 Climate vs. slope 
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CHAPTER 2: North Pacific climate modes and landform interact to 

drive multi-decadal patterns of nutrient concentration and transport in 

Pacific Northwest rivers 

 

2.1 ABSTRACT 

Evaluating interactions between climate, land use, and landscapes in driving river nitrogen (N) 

and phosphorus (P) dynamics is critical to understanding long-term changes in aquatic ecosystem 

functioning and downstream nutrient fluxes. These drivers, however, operate across multiple 

time scales and include seasonal, annual, and decadal climate fluctuations, which can obscure 

our understanding of long-term trends. Here, we assess the role of climatic and landscape-level 

variables in driving long-term (20-30+ years) changes in monthly river inorganic N and P 

concentrations and yields in 14 coastal rivers in western Washington State. We show that N and 

P concentrations, their ratio, and yields decreased or remained stable over time from 1988 to 

2022, and that multi-decadal changes in river N and P dynamics were strongly influenced by 

shifts in North Pacific climate modes, particularly the Pacific Decadal Oscillation (PDO). 

Furthermore, we found that the response of N and P to PDO shifts varied among seasons and 

rivers, and this variation was best explained by a simple topographic feature, watershed slope. 

These results demonstrate the strong   of climate variation on long-term river nutrient patterns, 

while also highlighting the distinct role of watershed topography in modulating the sensitivity of 

river N and P dynamics to hydroclimatic change. 
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2.2 INTRODUCTION 

Interactions between climate and human-modified landscapes represent a key uncertainty 

in our understanding of the response of river nitrogen (N) and phosphorus (P) dynamics to 

anthropogenic and climate-driven change (Lewis & Grimm, 2007; McCluney et al., 2014; 

Soranno et al., 2014). In many river ecosystems, the enrichment of landscapes with N and P from 

human activities has stressed the bounds of river nutrient processing, fundamentally altering the 

delivery of N and P from land to sea and increasing primary production along the freshwater-to-

marine continuum (R. Howarth et al., 2012; Ockenden et al., 2017; Turner, 2024; Vitousek et al., 

1997). Climate is also changing globally, resulting in substantial shifts to temperature, 

precipitation, and river hydrologic patterns across freshwater landscapes (Arnell & Gosling, 

2013; Hattermann et al., 2017). The transformation and transport of riverine nutrients are 

fundamentally embedded within these hydroclimatic shifts, yet we only have a limited 

understanding of how climate, anthropogenic change, and complex landscapes will interact to 

drive river N and P concentrations and the delivery of these nutrients from land to the coastal 

ocean (Seybold et al., 2022; Sinha & Michalak, 2016). 

Understanding the long-term trajectories of N and P dynamics in rivers can provide 

important perspective to management efforts at landscape and regional scales, particularly in the 

context of climate and anthropogenic perturbations (Murphy & Sprague, 2019; Stets et al., 

2020). Long-term change in and across rivers, however, is influenced by multiple controls that 

operate and interact across a wide range of spatial and temporal scales (Van Meter et al., 2018; 

Wilkinson et al., 2020). Anthropogenic changes to land use, management, or climate, for 

example, can progress slowly through time, resulting in gradual ecosystem shifts and directional, 

non-stationary patterns of N and P concentrations and loads (Metson et al., 2020; Murphy & 
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Sprague, 2019; Stackpoole et al., 2021; Wilkinson et al., 2020). Temporal changes in nutrient 

concentrations and transport at seasonal or annual time scales have instead been linked to 

interannual variability in precipitation (Sinha & Michalak, 2016), which mobilizes nutrients from 

the landscape and can generate shared or alternate responses to climate across rivers depending 

on local river and watershed-scale controls (Elmstrom et al., 2024; Smits et al., 2019). To 

effectively manage and conserve river ecosystems in the face of nutrient pollution, there is a 

pressing need to understand how anthropogenic and environmental controls interact across 

multiple scales to drive long-term patterns of change (Wilkinson et al., 2020). 

 Large scale climate phenomena such as the El Niño–Southern Oscillation (ENSO) and 

the Pacific Decadal Oscillation (PDO) introduce further variability to the long-term trajectories 

of river N and P concentration and transport (Hao & Lu, 2021; Smits et al., 2019). The influence 

of these climate phenomena manifests over multiple timescales, controlling and interacting with 

seasonal, annual, and decadal-scale variation in river discharge and nutrient loads (Fleming et al., 

2007; Keener et al., 2010). The alternate phases of ENSO and PDO, for example, are associated 

with changes in air temperature, the magnitude and form of precipitation (rain vs. snow), and soil 

moisture, leading to annual and seasonal-scale variability in biogeochemical transformations, 

nutrient mobilization, and river flow (Rice & Emanuel, 2017; Smits et al., 2019). This finer-scale 

temporal variation ultimately scales up to decadal changes across river hydrologic and 

biogeochemical times series, which can mask or amplify directional change and obscure our 

understanding of anthropogenic or climate-driven shifts to river nutrient biogeochemistry and 

hydrologic regimes (Z. Chen & Grasby, 2009; Wilkinson et al., 2020). 

 Further complicating the response of ecosystems to temporal environmental variability is 

the spatial heterogeneity of landscapes, which filters the effects of regional-scale processes like 
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climate on river ecosystems. This has been exemplified across rivers in mountainous landscapes, 

where topographic relief exerts control over river hydrologic regimes (i.e., rain vs. snow-driven 

regimes) and watershed composition (e.g., vegetation, soils, land use), ultimately producing 

spatial variation in the climate sensitivity of river physical and chemical processes to climate 

(Cline et al., 2020; Elmstrom et al., 2024; Fleming et al., 2007; Lisi et al., 2015). Watershed land 

use and land cover can also alter the influence of climate on hydrology and biogeochemistry 

across river systems and at large spatial scales. For example, streamflow responses to El Niño 

events across the United States have been shown to be partially mediated by watershed forest 

cover (Rice & Emanuel, 2017), whereas the response of N and P concentrations to seasonal 

climate variation in the Great Lakes region has been shown to be altered by anthropogenic land 

use change, particularly increased agricultural and urban land cover (Van Meter et al., 2020).  

While the impacts of anthropogenic change and climate may be expressed differently 

across rivers and through time, summarizing temporal variation among river systems that are 

spatially heterogenous and hydrologically diverse has the power to elucidate the multiple 

interacting controls that drive long-term biogeochemical change (Jankowski et al., 2021; Smits et 

al., 2019). Here, we harness a long-term (20-30+ years), regional dataset of dissolved inorganic 

N and P concentrations, yields, and N:P from 14 coastal rivers in western Washington State to 

examine how anthropogenic-driven changes, climate modes, and complex landscapes interact to 

control river N and P dynamics across space and through time. To distinguish discharge‐driven 

temporal patterns in river N and P dynamics, we also assess long-term patterns of river discharge 

alongside our investigation of the long-term trajectories of river N and P. Specifically, we aim to 

address three questions: (1) How have river discharge, N and P concentrations, yields, and N:P 

changed across multiple decades?, (2) What climate and hydrologic variables are most related to 
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long-term changes in river discharge, N and P concentrations, yields, and N:P?, and (3) How 

does the response of river discharge and nutrient variables to changing climate conditions vary 

with watershed-specific factors, such as land use, topography, and hydrologic regime? By 

summarizing multiple decades of temporal variation at this regional scale, we examine the 

importance of regional controls (like climate or regional landscape change) and variation across 

individual watersheds (such as river hydrology, watershed land use and topography) in driving 

the long-term trajectories of river N and P dynamics. Strong contrasts in watershed land use, 

topography, and hydrologic regimes across our rivers of study allowed us to quantify the 

sensitivity of individual river nutrient dynamics to hydro-climatic change. 

2.3  METHODS 

2.3.1 Study area:  

The Puget Sound Basin, located mostly in western Washington state, comprises a series 

of hydrologically complex and heterogeneous watersheds drained by intermediate to large rivers 

(Fig. 1, Table 1). The basin is bounded by the Olympic Mountains to the east and the Cascade 

Mountains to the west, with elevations exceeding 1,800 meters including several volcanic peaks 

surpassing 3,000 meters (Beechie et al., 2006). Intra-annual fluctuations in atmospheric 

circulation patterns over the North Pacific Ocean drive seasonal climate variability, which 

interacts with basin topography to produce heavy precipitation during the winter months 

(October – March), while summers (July – September) are generally warm and dry (Fleming et 

al., 2007).  Within this setting, river hydrologic regimes are governed by timing and form of 

precipitation and are characterized as rainfall-dominated (low elevation with rain-driven winter 

freshets), snowmelt-dominated (high elevation with snow-driven summer freshets), and 
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transitional (intermediate elevation with mixed winter and spring freshets) (Beechie et al., 2006; 

Reidy Liermann et al., 2012). We expect that each of these river hydrologic regimes has a unique 

sensitivity to long-term changes in climate, with multi-annual variability driven by large-scale 

ocean and climate patterns (Fleming et al., 2007, 2016). 

Land-use histories and development in the region have resulted in a gradient of human 

disturbance and land cover across the basin. While the slopes of the Cascade and Olympic 

Mountain ranges remain mostly forested, transitions to urban and agricultural land uses along 

with increased logging since the late 1800s have significantly reduced lower elevation and 

floodplain forests. The south and central valleys of the western Cascade Range are now mainly 

urban and rural residential land, with some pastureland and crop fields located outside the urban 

fringe (Hill et al., 2016). Most agricultural activity, including forage and specialty crop 

cultivation, occurs in the northeastern part of the basin (2015 WSDA Agricultural Land Use, 

2022). Lower elevations along the Cascade Range feature a mix of second-growth and 

regenerating forest, and include large stands of the early successional N-fixing species, red alder 

(Alnus rubra) (Wise & Johnson, 2011). Some areas retain pockets of primary forest, particularly 

at higher elevations and in protected regions like national forests. Watersheds along the eastern 

Olympic Mountains remain mostly forested with coniferous trees, but with some logged areas 

and sparse pastureland, crop fields and residential development (2015 WSDA Agricultural Land 

Use, 2022; Hill et al., 2016). Primary forests remain intact in areas like the Olympic National 

Park, which has been protected from logging since its establishment. The combination of 

complex topography, multiple hydrologic regimes, and altered land use history creates a variable 

landscape across the Puget Sound basin, making it a valuable system for studying the role of 
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climate vs. human activity in driving multi-decadal patterns of river N and P transport regimes 

and their implications for coastal oceans. 

2.3.2 Nutrient and discharge data: 

We obtained time series of monthly dissolved ammonium, nitrate, nitrite, and 

orthophosphate (DIP) data (October 1988-2022 for N; May 2001-2022 for P) from the 

Washington Department of Ecology’s Freshwater Information Network database. Because the 

majority of inorganic N in Puget Sound rivers is nitrate, we summed dissolved ammonium, 

nitrate, and nitrite prior to analysis (hereafter called total dissolved inorganic N or DIN). We 

focused on dissolved inorganic nutrient forms due to their prevalence in Puget Sound rivers and 

the consistency of available records and laboratory methods. We selected 14 rivers that drain into 

the Puget Sound, which exhibited a range of watershed physical and land use characteristics (see 

Table 1), and which had a DoE sampling station located at the watershed mouth (Fig. 1). For 

more information on the Washington DoE’s freshwater monitoring program and methods, refer 

to Von Prause, 2021. 

Daily discharge data for the USGS gaging station nearest to each water quality sampling 

station were obtained from the USGS National Water Information System database using the 

dataRetrieval package in R (De Cicco et al., 2024; USGS, 2023). We estimated monthly river 

DIN and DIP loads (kg month-1) using the Weighted Regression on Time, Discharge, and Season 

model with the Kalman filter (WRTDS-K; Q. Zhang & Hirsch, 2019) in the Exploration and 

Graphics for RivEr Trends (EGRET) R package (Hirsch et al., 2023). To generate DIN and DIP 

yields (kg km−2 month−1) for our analysis, we divided these monthly fluxes by watershed area.  
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Plots of monthly river discharge, DIN and DIP yields, DIN and DIP concentrations, and 

DIN:DIP molar ratios for each river site can be found in Supporting Information Figs. S1–S6.  

2.3.3 Regional and watershed-scale climate covariates: 

We considered the Pacific Decadal Oscillation (PDO) and the Multivariate El Niño–

Southern Oscillation Index (MEI) as metrics of large-scale climate variability in our time series 

models. The PDO represents a long-term climate pattern characterized by spatial patterns and 

fluctuations in sea surface temperatures in the North Pacific Ocean. It involves alternating phases 

of warm and cool conditions, with each phase typically lasting for one to two decades (Y. Zhang 

et al., 1997). The MEI uses multiple variables to monitor cyclic variability associated with the El 

Niño-Southern Oscillation (ENSO), a climate phenomenon characterized by sea surface 

temperature anomalies in the equatorial Pacific Ocean. The warm (El Niño) and cool (La Niña) 

phases of ENSO can vary in duration, ranging from months to a few years (T. Zhang et al., 

2019). Though they represent different climate phenomena, both the PDO and the ENSO exhibit 

strong controls on atmospheric circulation and weather patterns in western Washington state. We 

downloaded monthly PDO and MEI index values using the rsoi package in R (Albers, 2023).   

Average monthly temperature and total monthly precipitation were included to represent 

monthly climatic variability at the watershed scale. We extracted gridded estimates of total daily 

precipitation and daily air temperature data for each watershed boundary from Oak Ridge 

National Laboratory’s Daymet dataset (Thornton et al., 2020) and summed the estimates per 

each month sampled. For our DIN and DIP concentration and ratio models, we also considered 

mean monthly discharge as a covariate.  
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2.3.4 Watershed and landscape characteristics 

We compiled watershed-scale landscape metrics for each of the watersheds 

corresponding to our 14 study rivers using the Environmental Protection Agency’s StreamCat 

data library (Table 1). These metrics included watershed area, mean watershed elevation, and 

percent urban, wetland, agricultural, ice, and forested land. We also included mean watershed 

slope in our analyses as it captures aspects of watershed topography and stream geomorphology 

that may influence nutrient retention, loss, or transfer, such as water residence times, floodplain 

area, and hydrologic connectivity. We calculated watershed slope as the average of all slope 

raster pixels within the boundaries of each individual river’s watershed using ArcGIS (v10.8). 

2.3.5 Principal component analysis 

To summarize the dominant gradients of environmental variability among river sites and 

their watersheds, we used principal component analysis (PCA) to reduce the dimensionality of 

watershed land use, land cover, and topographic features, which were highly colinear across our 

study sites. Data constrained to irregular, restricted ranges were scaled to [0-1] and arcsine-

square root transformed, along with all proportional data (the logit transform was avoided to 

prevent generation of infinite values.). All multivariate data analyses were conducted using the 

vegan and biostats packages in the program R (R Core Team, 2023). 

2.3.6 Time series analysis 

We used a series of multivariate linear mixed effect models with different combinations 

of shared or independent random walks through time and time-varying covariates to 1) 

characterize the long-term, multi-annual pattern of river discharge and nutrient time-series, and 



53 
 

2) estimate the strength of different climate and hydrologic variables in explaining temporal 

variation at the multi-decadal scale. Specifically, the model structure is as follows: 

𝐱𝑡 = 𝐱𝑡−1 + 𝐮 + 𝐰𝑡;  𝐰𝑡 ~ MVN (𝟎, 𝐐)  (𝟏. 𝟏) 

𝐲𝑡 = 𝐙𝐱𝑡 + 𝐃𝐝𝑡 + 𝐯𝑡;  𝐯𝑡  ~ MVN (𝟎, 𝐑)  (𝟏. 𝟐) 

In the process model (1.1), the shared or independent latent state (xt), is modeled as a 

random walk through time such that the value at time t is equal to its value at time t − 1 plus a 

bias term (u) and some random normally distributed error (wt) with a mean (0) and variance (Q). 

The off-diagonals of the Q matrix measure covariance in the process errors after accounting for 

shared or independent random walks, thus providing an estimate of independence or correlation 

between the latent states, xt. In the observation model (1.2), yt is an i x 1 vector of measured data 

(i.e., river discharge, nutrient yield, concentration, or ratio) at time t from each river station (i = 

14). yt is modeled as a linear combination of the latent states (xt), a j x 1 vector of explanatory 

variables (dt; j refers to different number of covariates), and an i × 1 vector of observation errors 

(vt), which are distributed as a multivariate normal with mean 0 and variance-covariance matrix 

(R). The i × m vector Z maps each of the measured river time series (i = 14) onto the shared or 

independent latent states (m = 1 or 14) in xt. The i × j matrix D contains the coefficients of the 

covariate effect sizes.  

We modeled each response variable separately (i.e., river discharge, DIN and DIP yields, 

DIN and DIP concentrations, and DIN:DIP) and first tested the fit of candidate models that 

included all possible covariates (i.e., our global model) and contained either one shared state 

among rivers or independent, river-specific states through time using Akaike Information 

Criterion adjusted for small sample size (AICc; Burnham & Anderson, 2004). To evaluate the 



54 
 

possible variance and covariance in our observation errors and among the independent state 

processes (xt), we tested data support for two options of the R and Q matrices: (1) equal variance 

and equal covariance, and (2) equal variance but no covariance. To calculate the monthly rate of 

change in river discharge and nutrients across our 20 to 30-year period of study, we set u to be 

unique for each of the states. Using the most parsimonious model for the model states, R, and Q 

matrices as determined by AICc, we then evaluated the data support for different climate and 

hydrologic drivers of river discharge and nutrient dynamics by adjusting covariate time series 

(i.e., river discharge, precipitation, temperature, MEI and PDO) in the d matrix. Additionally, to 

address the strong autocorrelation in our monthly observation time series, we included a fixed 

effect of month in each model. We evaluated correlations among individual covariates and, to 

avoid multicollinearity, correlated covariates were never included in the same model. 

To further assess how the alternating phases of the ENSO and PDO influenced river 

seasonal hydrologic and nutrient regimes, we manipulated the D and d matrices to test two 

models for season-specific climate phenomena effects: (1) One where the effects of MEI and 

PDO were separate for fall (October-December), winter (January-March), spring (April-June), 

and summer (July-September), and (2) another where the effects of MEI and PDO on the wet, 

winter months were shared (October-April), and separate for the transitional, spring (May-June), 

and dry, summer (July-September) months.  

The response data were log-transformed to meet the assumptions of normality. Both the 

response and covariate data were standardized to a mean of zero and standard deviation of one 

(Z-score) to account for the differences in means and variances and standard effect sizes. 

Candidate models (models with different number of states and covariate terms) were treated as 

different hypotheses and compared using AICc (Burnham & Anderson, 2004). Models were 
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programmed using the MARSS and marssTMB (Holmes et al., 2021) package in R (R Core 

Team, 2023). 

Finally, we examined if variation in river-specific covariate effect sizes (D) could be 

explained by differences in watershed geomorphic or land-use attributes, specifically, watershed 

area, elevation, slope, and percent urban, wetland, agricultural, and forested land.  

2.4 RESULTS 

2.4.1 River and watershed characteristics covary with watershed slope: 

PCA summarized a large proportion of variance (85%) in the river and watershed 

characteristics (PC1 = 61.1%, PC2 = 23.9%). PC1 was statistically significant according to a 

Monte Carlo randomization test (PC1, p = 0), and all variables except watershed area and ice 

cover had significant loadings on PC1 (Table SI 1, Fig. 1c). Notably, watershed slope had an 

exceptionally high loading on PC1, with a linear correlation between the PC1 vector loadings of 

0.96 (Table SI 1). Rivers with increased human activity and wetland areas were found in low-

elevation, low-gradient watersheds (Fig. 1c). Conversely, rivers with greater forest cover were 

grouped in watersheds with higher elevations and steeper gradients (Fig. 2a). These river 

groupings also corresponded to average mean annual temperatures, likely reflecting precipitation 

form and river hydrologic regimes. This indicates that rain-dominant rivers are prevalent in low-

elevation, low-gradient watersheds with increased human activity, while snow-dominant rivers 

are more common in higher, steeper watersheds with greater forest cover. The second PCA axis 

was primarily explained by watershed area and percent ice cover and was not statistically 

significant (PC2, p = 0.193). 
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2.4.2 Long-term trajectories of river discharge and nutrients:  

Long-term trajectories of river discharge and nutrients were largely independent among 

rivers that drain the Puget Sound Basin, but river discharge and nutrient dynamics exhibited 

some degree of correlation at the multi-decadal scale. For all six response variables (river 

discharge, DIN and DIP yields, DIN and DIP concentrations, and DIN:DIP), models that allowed 

time series to follow separate state processes resulted in better fits than models including a single 

shared state among rivers (Figure 2, Table SI 2). However, we also found that models with 

correlated error structures were best supported for all six response variables (Table SI 2), 

indicating that, although rivers followed separate long-term trajectories, rivers still shared some 

degree of variation in their long-term patterns of discharge and nutrients (Fig. 2).  

The estimated bias terms for the state processes represent the trend or drift component for 

each individual river, providing an average rate of change per time step (in this case, per month) 

for each river discharge and nutrient time series. The monthly rate of change in discharge varied 

among rivers, but on average most rivers showed increases in mean annual discharge since 1988. 

Notably, decreases in DIN concentrations and yields were found across almost all of the Puget 

Sound rivers, with the exception of the Deschutes River, which exhibited a positive rate of 

change through time for both response variables (Figure 2). Although changes to DIP 

concentrations were less pronounced than those in DIN concentrations, most rivers showed 

decreases while the Puyallup, Nooksack, Snoqualmie, and the Elwha rivers exhibited increasing 

concentrations since 2001. Rates of change in river DIP yields were also comparably small and 

variable across rivers (Fig. 2a, e). The net impact of changes to DIN and DIP concentrations 

resulted in declining DIN:DIP trends, with the exception of the Deschutes and Duckabush rivers, 

which had positive rates of change through time. (Fig. 2).  
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When considering rates of change in units of total river nutrient load (km2 month-1), the 

largest contributors to the total Puget Sound Basin-scale net decrease in river DIN load were the 

Skagit, Puyallup, Nooksack, and Snoqualmie Rivers, the first three of which have the largest 

watersheds in our study system (Fig. 3a, Fig 1a). The Skagit, Puyallup, and Nooksack rivers 

were also the largest contributors to the basin-scale net change in total DIP load, but instead 

contributed a Puget Sound Basin-scale increase in total river DIP loads (Fig. 3b). 

2.4.3 Climate effects on river discharge and nutrients:  

For all response variables, our best-supported models (ΔAIC < 2) included an effect of 

precipitation and season-specific effects of the PDO (Supplemental Tables 3-8). River discharge 

and DIN and DIP yields responded positively to precipitation across all rivers (Fig. 4), 

demonstrating that during years with heavy rainfall and snow, the export of freshwater and 

nutrients broadly increased across the Puget Sound Basin. The responses of river DIN and DIP 

concentrations and DIN:DIP ratios to increased precipitation were smaller and more variable 

(Fig. 4). In most rivers, precipitation had a positive effect on DIN concentrations, whereas the 

response of DIP concentrations to precipitation varied across rivers, with some rivers increasing 

and others decreasing in DIP concentration in response to increased rainfall and snow (Fig. 4). 

The net impact of precipitation on river DIN and DIP concentrations resulted in a positive or 

neutral response of river DIN:DIP to precipitation, with the exception of the Deschutes, Green, 

and Elwha rivers, where DIN:DIP decreased during wet years. 

In contrast to precipitation, responses of river discharge and nutrients to PDO-driven 

climate shifts were distinct across rivers but varied predictably across the hydrologic season in 

association with one simple topographic feature, mean watershed slope. When PDO values were 

positive (i.e., phases associated with higher air temperatures and precipitation falling as rain vs. 
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snow), rivers draining steeper watersheds exhibited stronger winter and summertime responses in 

discharge compared to rivers draining lower sloped terrain. In mid-sloped watersheds, the 

greatest response of river discharge to PDO-related climate shifts was found in the spring, 

resulting in a notable decrease in spring-time river flow (Fig. 5a). 

 For DIN concentrations and DIN:DIP ratios, the strongest effects of the PDO were 

expressed in the spring, with contrasting responses across rivers again depending on topography. 

In low-sloped rivers, DIN concentrations and DIN:DIP increased under warming conditions, and, 

in high-sloped rivers, DIN concentrations and DIN:DIP decreased (Fig. 5b, d). Similar to our 

precipitation model effects, the sensitivity of DIP concentrations to PDO-phase shifts was 

comparably variable among rivers, with the largest effects found in the summer and in rivers 

draining intermediate sloped watersheds (Fig. 5e). The response of DIN and DIP river yields to 

PDO-driven shifts closely mirrored the effects of PDO on river discharge, but with a decrease in 

springtime DIN yields in high sloped rivers (Fig., 5c, f). 

2.5 DISCUSSION 

Using a long-term, regional dataset with monthly resolution, we found evidence of 

widespread, directional change in river nutrient dynamics across the Puget Sound Basin, 

alongside climate-driven, oscillatory variation in seasonal river hydrologic and nutrient regimes. 

Our findings reveal that concentrations, ratios, and yields of DIN and DIP in Puget Sound rivers 

have largely decreased or remained stable over the past two to three decades, and that multi-

annual patterns in river discharge and nutrient regimes are strongly influenced by the large-scale 

climate oscillations, particularly by the PDO. Furthermore, we found that the seasonal response 

of N and P concentrations, ratios, and yields to PDO shifts varied among rivers, and that this 

variation was best explained by a simple topographic feature, mean watershed slope. 
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Specifically, rivers in steep-sloped watersheds exhibited the greatest sensitivity in their nutrient 

transport regimes to climatic changes, compared to rivers draining low-relief watersheds. These 

results demonstrate the influence of climate oscillations on long-term river nutrient patterns, 

while also highlighting the distinct role of watershed topography in mediating the sensitivity of 

river N and P dynamics to hydroclimatic change.  

2.5.1 Long-term changes are by driven by large-scale, regional processes 

Given the strength of regional-scale climate patterns in the Pacific Northwest and the 

varied landscape and land use history of the Puget Sound Basin, it was unclear whether shared 

climate forces would drive coherence across rivers or if watershed-scale variation in landform 

and human influence would produce independent patterns of river discharge and nutrients. Here, 

we found that rivers statistically followed separate long-term trajectories, but that rivers still 

exhibited a high degree of coherence in their directionality of change and patterns of variance 

over multiple years. DIN concentrations declined in all but one river, and all rivers displayed 

similarities in their multi-annual patterns of discharge, DIN and DIP yields, concentrations and 

DIN:DIP molar ratios (Fig. 2). The independent, yet correlative nature of the river states aligns 

with recent work from the Mississippi River Basin, where river basins responded similarly to 

inter-annual and multi-annual scale climate variation, but followed separate, long-term patterns 

of river discharge and nutrient loads (Smits et al., 2019). Together, this exemplifies how long-

term patterns of river nutrient transport are influenced by large-scale climate forces but become 

disparate due to watershed-scale differences in land use and hydro-geomorphic river controls. 

The broadly shared declines in DIN concentration and yield found across most Puget 

Sound rivers further point to regional-scale processes as potential drivers of long-term change, 

but instead at the spatial, landscape-level scale. An example of such a process could arise from 
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regional-scale water quality management efforts, shifting atmospheric N deposition patterns, or 

changes in regional economies. Notably, the rise and decline of timber harvest over the past 

century has created a large-scale land use experiment across mountainous western North 

America, with potential implications to river water quality. Reduced harvest volumes and 

improved logging practices, for example, have been linked to declining runoff and sediment 

inputs to rivers in both the Cascade Range and the Olympic Mountains (Jaeger et al., 2023; 

Reiter et al., 2009). Additionally, in northern Sierra Nevadan streams, long-term declines in NO3 

concentrations and loads have been attributed to forest aggradation and the replacement of N-

fixing alder stands with nitrification-inhibiting coniferous trees. It is plausible that these same 

mechanisms could drive declines in DIN across the Puget Sound rivers, as soils and red alder 

have been identified as key sources of nitrogen in these watersheds (Elmstrom et al., 2024; Wise 

& Johnson, 2011). However, monitoring data from the National Atmospheric Deposition 

Program indicates that atmospheric N deposition has declined across the Cascade Range since 

the late 1980s (Supplemental Figure 7), suggesting that deposition patterns are likely also 

contributing to the DIN concentration and yield declines. 

The Skagit, Nooksack, Puyallup, and Snoqualmie rivers were the largest contributors to 

the Puget Sound Basin-scale change in total DIN and DIP loads (kg2 month-1), indicating that 

while most rivers exhibited changes over time, not all were considered equal contributors to the 

net change in total nutrient load to the Puget Sound estuary (Fig. 3). Notably, while these rivers 

contributed to a basin-scale decrease in DIN load since 1988 (Fig. 3a), they conversely 

contributed to a basin-scale increase in DIP load since 2001 (Fig. 3b). The Skagit, Nooksack, and 

Puyallup rivers have the largest contributing watersheds to the Puget Sound estuary in our study, 

suggesting that their large contributions to the basin-scale decrease in DIN loads were likely 
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influenced by both watershed DIN inputs and their total discharge volume. Larger rivers 

typically carry larger total loads, so even modest percentage decreases in load can translate into 

substantial decreases in absolute terms. These watersheds also have increased agricultural 

activity relative to other locations within the Puget Sound Basin. For instance, the Nooksack and 

Skagit watersheds are located in the northern part of the basin, where the majority of forage and 

row crops are grown and harvested (Wise & Johnson, 2011). The contrasting decreases in DIN 

and increases in DIP loads in these rivers suggests that changing land cover and agricultural 

practices in these watersheds likely altered river DIN and DIP loads to the Puget Sound estuary. 

Regardless of land use effects or physical controls, the changes in river DIP loads were relatively 

small (ranging from 0 to less than 200 kg2 month-1) (Fig. 3b), indicating that the largest changes 

in total nutrient load to the Puget Sound estuary were in DIN, whereas river DIP loads remained 

relatively stable over time. 

2.5.2 Large-scale changes in climate as drivers of river discharge and nutrient regimes   

Our modeled effects of precipitation and the PDO further distinguish large-scale climate 

forces as key drivers of long-term river hydrological and biogeochemical change, while 

providing detail critical to our understanding of changing climate conditions and river 

biogeochemistry at the seasonal scale. We found that precipitation and the PDO best explained 

multi-decadal patterns in river discharge and nutrients, but that the effects of PDO-driven climate 

shifts on river hydrologic and nutrient regimes manifested differently across seasons (Fig. 4). 

This highlights the sensitivity of river hydrologic and nutrients to both the total amount of 

precipitation (as described by our precipitation covariate), as well as finer-scale, seasonal 

sensitivity to changes in air temperature and precipitation form (as described by the PDO). 

Hydrologic regimes shift under alternate PDO phases in the Pacific Northwest through changes 
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to runoff and snow-driven flow (Fleming et al., 2007, 2016). Large-scale climate phenomena 

have also been linked to biogeochemical processes and river constituent transport in other parts 

of the globe through hydrologic regime shifts and climate controls on soil temperature and 

moisture (Hao & Lu, 2021; Jankowski et al., 2021; Johnston et al., 2022; Keener et al., 2010; 

Smits et al., 2019). Here, we show that climate phenomena also affect in-stream nutrients and 

transport regimes in the Pacific Northwest, specifically that seasonal-scale changes in river DIN 

and DIP yields, concentrations and DIN:DIP molar ratios are associated with PDO-driven shifts 

to air temperature and the proportion of precipitation falling as rain vs. snow.  

In hydrology, ecology, and oceanography, it well established that extracted trends can be 

influenced by climate-driven oscillations within the natural dataset, potentially obscuring true 

directional changes (Z. Chen & Grasby, 2009; Litzow et al., 2020; Y. Zhang et al., 1997). Our 

results extend this understanding to riverine nutrient dynamics in the Pacific Northwest—Not 

only do river nutrient concentration and transport change seasonally, but these seasonal patterns 

shift with macro-scale climate drivers like the PDO, producing longer-term oscillations at the 

multidecadal scale. This highlights the importance of multi-annual dynamics in river 

biogeochemical time series and underscores the necessity of accounting for large-scale climate 

oscillations in river nutrient trend analyses before attributing long-term changes to management 

or climate change alone (Wilkinson et al., 2020). 

2.5.3 Topography controls the climate sensitivity of river discharge and nutrient regimes 

The final piece of our analyses indicates that variation in the response of river discharge 

and nutrient regimes to PDO-driven climate shifts was largely explained by watershed-scale 

differences in topography, specifically by watershed slope. These results suggest that for rivers 

that drain the Puget Sound Basin, the sensitivity of discharge and nutrient regimes to changing 
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climate conditions is strongly influenced by the slope and elevation of watersheds, which interact 

with large-scale climate patterns to control the contribution of rain vs. snow that shape river 

hydrologic regimes (Fleming et al., 2007). For example, we found that in warmer years when 

PDO was positive, discharge and nutrient yields in rivers draining steeper watersheds increased 

in the winter but declined in the summer, demonstrating a shift from snowmelt to rain-driven 

nutrient transport in rivers with snow-dominant hydrologic regimes (Fig. 5a). Conversely, in 

rivers draining lower sloped watersheds with rain-dominant hydrologic regimes, altered air 

temperature and precipitation patterns under positive PDO-phases left the seasonality of river 

discharge and nutrient transport regimes largely unchanged (Fig. 5). The alternate responses of 

discharge and nutrient yield in rivers with rain- and snow-dominant flow suggest that the 

seasonal shift in N and P yield in high-sloped rivers is largely driven by physical mechanisms, 

particularly the transition from snowmelt to rain-driven runoff at higher elevations, which 

enhances the physical transport of water and nutrients across the landscape and out to sea (Sinha 

& Michalak, 2016). 

In rivers draining intermediate-sloped watersheds, spring-time flow experienced notable 

declines during positive PDO years, indicating that, in rivers characterized by earlier and lower 

volume snowmelt, the snow freshet all but diminished (negative effects, Fig. 5a). The contrasting 

responses of spring nutrient concentrations with watershed slope (Fig. 5b, e) can be directly 

related to these changes in snow-driven flow and highlight the nuanced control of topography on 

hydrologic regime and on instream nutrient biogeochemistry— particularly through nutrient 

transfers, watershed composition (e.g., vegetation and soil development), and sources. Notably, 

in the Puget Sound Basin, watershed topography also is related to the spatial arrangement of 

human activity (Fig. 1c) and land use is subsequently correlated with topographic controls on 
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instream nutrients and their response to hydroclimatic change (Elmstrom et al., 2024). Although 

we cannot disentangle the role of land use vs. topography in driving the sensitivity of instream 

nutrients to climate, we surmise much of the variation in the response of river DIN and DIP 

concentrations to the PDO was driven by simple physical controls on discharge volume and 

nutrient supply. For example, in lower to mid-sloped rivers, springtime DIN and DIP 

concentrations increased under warmer conditions (positive PDO effects; Fig. 4), suggesting 

DIN and DIP simply concentrated in response to snow-driven discharge declines. Further, 

although spring discharge appeared unchanged in high sloped rivers in our model results during 

warm PDO years (Fig. 5), plots of the raw discharge data indicate that volume of the spring 

snow-freshet did in fact decline (Fig. S7). The decrease in springtime nutrient concentrations in 

high sloped rivers under low flows demonstrates the reliance of snow-dominant rivers on snow-

driven hydrologic connections and the associated delivery of external nutrient supplies.   

Taken together, these results show that the hydroclimatic shifts dominate the response of 

winter and summer DIN and DIP yields across rivers, whereas changes to springtime nutrient 

concentrations, yields, and DIN:DIP are driven by complex interactions between snow-driven 

flow and the influence of topography on instream nutrient concentrations, sources, and supply. 

While the coherence of nutrient yields with altered hydrologic regimes is largely to be expected 

(Sinha & Michalak, 2016), the translation of climate-altered flows to instream nutrient 

concentrations and stoichiometric ratios in the Pacific Northwest is relatively new. Snow-driven 

flow has been established as a critical, but unstable component of fluvial constituent regimes in 

other Mediterranean and in sub-arctic environments (Johnson et al., 2024). Here, we link snow-

driven flow to interannual variation in seasonal concentration regimes and DIN:DIP, but with a 

common underlying controlling feature across watersheds (i.e., watershed slope). The contrasting 
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responses of nutrient concentrations and DIN:DIP with watershed slope indicate that rivers 

draining high sloped watersheds may increase in their N limitation during warmer PDO phase 

conditions, with the most pronounced effects seen in the spring. While further research is needed 

to understand climate-altered nutrient concentrations and stoichiometric ratios in the Puget 

Sound rivers, our work provides evidence to show that the sensitivity of instream nutrients and 

N:P to hydroclimatic change is controlled by the influence of topography on instream nutrient 

supply and on seasonal hydrologic regime. 

2.5.4 Conclusions 

Establishing this connection between large-scale climate oscillations and watershed 

topography provides mechanistic insight into drivers of interannual variability in seasonal 

nutrient transport by rivers, while providing new information to help predict future patterns of 

river N and P transport. Our results ultimately show that rivers draining steeper watersheds had 

hydrologic and nutrient transport regimes that were more sensitive to variation in PDO phases 

(i.e., transient and snow dominant regimes), compared to rivers draining lower sloped terrain 

(i.e., rain dominant regimes) (Fig. 5). The homogenization of river hydrologic regimes due to 

reductions in snow-driven flow is projected to be one of the major outcomes of climate change in 

the Pacific Northwest (Hamlet et al., 2013; Marlier et al., 2017). Our results suggest that as 

snowpack declines, rivers draining intermediate and steeper slopes will also lose seasonal 

complexity in their nutrient exports, leading to an overall increase in winter-time nutrient 

transport at the Puget Sound Basin scale. This study builds upon two areas of previous work in 

river biogeochemical and ecosystems science. The first is the connection between climate-altered 

precipitation patterns and the changing seasonality of river nutrient transport. Increased winter-

time nutrient transport, for example, has been projected to be a major outcome of climate-altered 
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runoff patterns and increased rain-on-snow events in the Midwest U.S. (Hrycik et al., 2024; 

Seybold et al., 2022). More broadly, in boreal and temperate watersheds across the globe, winter 

has seen greater increases in nutrient transport compared to other seasons (Jankowski et al., 

2023). The second area of focus is the is the link between watershed topography and the 

response river ecosystem function to changes in climate. This has been previously established 

across the Pacific Northwest and in other mountainous landscapes, where the sensitivity of 

multiple other river physical and biogeochemical parameters to climate has been shown to vary 

as a function of watershed slope (Cline et al., 2020; Connolly et al., 2018b; Harms et al., 2016; 

Jankowski & Schindler, 2019; Lisi et al., 2015). Altogether, this work underscores the value of 

exploring multi-annual climate dynamics across river systems, and suggests that topographic 

features, including watershed slope, could enhance predictive modeling of nutrient transport 

across rivers at regional scales, which will be increasingly important under future climate 

scenarios that involve losses in snow and substantially altered river hydrologic regimes. 

  



67 
 

2.6 TABLES 

Table 1. River and watershed characteristics of the Puget Sound Basin rivers of study. River and 

watershed characteristics are ordered by decreasing monthly mean DIN concentration. Other 

descriptors include mean DIP concentration, stream order, watershed area, mean watershed 

elevation, mean watershed slope, and percent urban, agriculture, wetland, forest, and ice cover 

by area of the watershed. Water quality sampling sites are labeled on Figure 1 using the italicized 

abbreviations in the first column of the table.   

 

Table 2-1 Watershed characteristics
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2.7 FIGURES 

Figure 2.1. Map of the Puget Sound watersheds of study. a) Study watersheds shaded by land 

surface slope in degrees. Black points indicate the river water quality sampling station locations. 

Italicized abbreviations refer to the river names, which are provided in full in Table 1. b) 

Location of the Puget Sound Basin within Washington state and British Columbia. c) Ordination 

plot showing principal component analysis (PCA) of watershed characteristics from the Puget 

Sound Basin rivers. Length and direction of arrows on the ordination are proportional to vector 

loading of watershed characteristics into each principal component (PC). Points are colored by 

the watershed 30-year average annual air temperature (PRISM Climate Group, 2015).  

 

Figure 2-1 Study map  
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Figure 2.2. Modeled states for each response variable plotted alongside the bias component of 

each river’s long-term trajectory. All response variable data are standardized by mean and 

variance and are dimensionless, including the model biases, which represent the average trend 

over time or “rate of change” for each river state. Sites are arranged from top to bottom along the 

y axis by watershed slope (low to high). The shared state among rivers is overlaid to help 

visualize the long-term state of river discharge and nutrients dynamics across the Puget Sound 

Basin. 

 

Figure 2-2 Model states 
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Figure 2.3. a) Estimated rate of change for DIN loads in kg month-1. b) Estimated rate of change 

for DIP loads in kg month-1. Sites are arranged from top to bottom along the y axis by watershed 

area (large to small). The total net rate of change at the Puget Sound Basin-scale is indicated in 

grey at the top of the plot for each nutrient load. 

 
Figure 2-3 Basin-scale change 
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Figure 2.4. Estimated model coefficients for the effect of precipitation on each individual river’s 

a) discharge, b) DIN concentration, c) DIN yield, d) DIN:DIP molar ratio, e) DIP concentration, 

and f) DIP yield. Sites are arranged from top to bottom along the vertical axis by watershed slope 

(low to high). 

 

Figure 2-4 Precipitation effects 
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Figure 2.5. Estimated model coefficients for the PDO plotted versus mean watershed slope for 

each of our response variables. Each point represents the estimated effect of the PDO on each 

individual river’s a) discharge, b) DIN concentration, c) DIN yield, d) DIN:DIP molar ratio, e) 

DIP concentration, and f) DIP yield for the winter, spring, and summer seasons. The open circles 

represent the Skokomish River, whose river flow is regulated by a dam.  

 

Figure 2-5 PDO vs. slope 
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CHAPTER 3: Landscape properties and changing climate conditions 

interact across watersheds to drive atmospheric and terrestrially 

derived sources of nitrate in Pacific Northwest rivers 

 

3.1 ABSTRACT 

Changing climate conditions interact with landscapes to modify the delivery of reactive 

nitrogen (Nr) to rivers, often obscuring our understanding of how landscape properties retain or 

release different sources of Nr pollution. In this study, we measured nitrogen and oxygen stable 

isotopes of dissolved nitrate (a tracer of both terrestrial and atmospherically derived nitrate; NO3
–

) in monthly river water samples from 13 watersheds with varied land use and topographic 

features in western Washington state. This study occurred across two highly contrasting 

hydrologic years and included a record drought for the region. Using these data, we assessed the 

influence of landscape variation on NO3
– source dynamics among rivers in two separate ways 

(that is, across rivers and within watersheds), and examined how these relationships varied under 

different hydrologic and climate conditions. Our findings reveal that spatial variation in NO3
– 

concentrations and sources across rivers, whether terrestrial or atmospheric, was strongly 

associated with a gradient of watershed land use and topography, and river sampling position. 

Additionally, we found seasonal hydrologic conditions either obscured or amplified differences 

in NO3
– sources dynamics across rivers, and the relative delivery of terrestrial and atmospheric 

NO3
– sources to rivers varied significantly between the two highly contrasting water years. 
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3.2 INTRODUCTION 

Understanding the factors controlling nitrogen (N) inputs to rivers is critical for 

evaluating anthropogenic impacts to water quality yet remains challenging due to the diffuse 

nature of N pollution and the multiple controls that interact across watersheds to drive different 

N source contributions. Although N transfer to rivers primarily occurs through fertilizer 

applications, human development, and soil processes on land, a substantial portion of 

anthropogenic N is also emitted to the atmosphere as NOx (NO + NO2), where it can be 

transformed, transported, and deposited to both human-dominated and remote watersheds and 

their receiving rivers (Fowler et al., 2013; Holtgrieve et al., 2011). Increased contributions of 

atmospheric nitrate (NO3
–; frequently the dominant form of dissolved N) have been consequently 

found across a diversity of river and watershed types, including high-elevation montane streams 

as well as low-lying urban and agricultural rivers (Bostic et al., 2022; Bourgeois, Savarino, 

Némery, et al., 2018a). The influence of terrestrial vs. atmospheric NO3
– on total N loads, 

however, can vary across river types and is partially dependent on interannual climate variability, 

such as seasonal changes to runoff or snowmelt, which interact with landscapes to affect the 

timing and delivery of different NO3
– sources to rivers, as well as their downstream transport 

(Bourgeois, Savarino, Némery, et al., 2018a; Jiang et al., 2022).  

In mountainous landscapes, watershed topography can act as a strong underlying control 

of atmospheric vs. terrestrially derived NO3
– source contributions across and within river 

systems (Bourgeois, Savarino, Caillon, et al., 2018; Bourgeois, Savarino, Némery, et al., 2018b; 

Elmstrom et al., 2024). The seasonal transfer and availability of atmospheric NO3
– within 

watersheds, for example, is strongly influenced by elevational controls on snowpack and glacier 
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coverage, which store and directly release atmospheric NO3
– in spring and summer meltwaters 

(Clark et al., 2021). Slope and relief also play a distinct role in mediating different NO3
– sources 

by modifying water residence times and hydrologic connectivity along river networks. For 

example, in watersheds with steep slopes, strong energy gradients promote the rapid transfer and 

potentially long-reaching transport of NO3
– sources downstream (Bourgeois, Savarino, Caillon, 

et al., 2018; Elmstrom et al., 2024). Conversely, in low relief areas, increased residence times 

slow water and constituent movement and enhance the terrestrial retention (via assimilation) or 

loss (via denitrification) of NO3
– sources (Harms et al., 2016; Schiff et al., 2002). These 

topographic controls, however, are increasingly confounded by human development and 

agricultural activity in mountain lowlands, which increase the total amount of NO3
– on land and 

consolidate watershed drainage (Kaushal et al., 2014). Together, these alterations can saturate or 

divert NO3
– from terrestrial retention and loss processes, ultimately increasing the delivery of 

both atmospheric and terrestrially derived NO3
– sources from watersheds to streams and rivers 

(Bostic et al., 2022). 

Evaluating spatial variation in atmospheric and terrestrially derived NO3
– across rivers 

can help determine the relative influence of landscape controls on NO3
– sources, though this is 

increasingly complicated by climate-altered precipitation patterns which interact with landscapes 

to drive NO3
– source contributions. Specifically, in riverine environments, changes in the 

intensity and form of precipitation (rain vs. snow) are projected to alter seasonal patterns of 

runoff and snow-driven flow (Hamlet et al., 2013; Nijssen et al., 2001), both of which influence 

the atmospheric and terrestrially derived NO3
– sources of river N loads. The intensity and 

duration of drought periods are also expected to increase, likely introducing further variability in 

the timing and magnitude of NO3
– source inputs (Marlier et al., 2017). Extended drought periods, 
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for example, have been shown to reduce hydrologic connectivity and increase landscape N 

retention, which can later amplify the pulse of NO3
– from land at the onset of heavy precipitation 

(Greaver et al., 2016; Kaushal et al., 2014). Past work illustrates that these hydroclimatic shifts 

will likely manifest differently across river systems depending on local hydrologic regime (rain 

vs. snow-dominant) and watershed-scale physical and biogeochemical controls (Elmstrom et al., 

2024; Van Meter et al., 2020). Earlier snowmelt and increased runoff, for instance, has been 

linked to contrasting responses of dissolved inorganic N and phosphate yields in rain vs. snow-

dominant rivers in the Pacific Northwest (Elmstrom et al., in prep). Understanding how climate-

driven alterations to land-river connectivity will impact the seasonal transfer of NO3
– sources 

across rivers systems is crucial for determining future N loads (L. Li et al., 2024). However, how 

changes in precipitation form and intensity affect atmospheric vs. terrestrially derived NO3
– 

source inputs across rivers with varying hydrologic regimes, watershed topography, and land use 

remains largely unexplored. 

Stable isotopic ratios of nitrogen (N) and oxygen (O) in NO3
– (δ15N, δ18O, and Δ17O) can 

be used to estimate the dominant sources of river NO3
– by enabling the exclusive quantification 

of atmospheric vs. terrestrially-derived sources of NO3
– (Kaiser et al., 2007; Michalski et al., 

2004). δ15N-NO3
– values, for example, have been used extensively to differentiate human-

derived NO3
– sources, as sewage and manure are more enriched in 15N than precipitation, soil, 

and synthetic fertilizers (Barnes & Raymond, 2010; Divers et al., 2014; Jankowski et al., 2012; 

Liu et al., 2013). Similarly, many previous studies have used δ18O-NO3
– values to distinguish 

atmospheric NO3
– from microbially produced NO3

– in watershed soils (Barnes & Raymond, 

2010; Divers et al., 2014). The preferential uptake of lighter isotopes (14N and 16O) during 

denitrification and assimilation, however, can substantially alter δ15N and δ18O values of residual 
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NO3
– pools, leading to inaccurate source apportionment of NO3

– when using these isotopic ratios 

alone (Aravena & Robertson, 1998; Venkiteswaran et al., 2019; Weitzman et al., 2021). Δ17O 

values avoid these complications by taking advantage of both δ18O and the 17O isotope anomaly 

in atmospheric NO3
–. Specifically, because NO3

− produced in the atmosphere is enriched in 17O 

relative to 18O, it positively deviates from the typical terrestrial δ18O vs. δ17O relationship (i.e., 

the terrestrial fractionation line: δ17O ≈ 0.52 × δ18O) (Kaiser et al., 2007; Michalski et al., 2004). 

Δ17O quantifies this deviation (Δ17O = δ17O - 0.52 * δ18O) and provides an explicit tracer of 

atmospheric NO3
− in aquatic ecosystems that has been unaltered by terrestrial fractionations, 

such as nitrification, assimilation, and denitrification (Bostic et al., 2022; Bourgeois, Savarino, 

Caillon, et al., 2018; Clark et al., 2021; Sebestyen et al., 2019).  

Assessing how landscape and climatic changes affect the dominant NO3
– sources of river 

N loads requires accurate accounting of atmospheric and terrestrial NO3
– inputs across 

watersheds with varied land use, physical controls, and hydrologic conditions, but this remains a 

major challenge. Here, we took advantage of a unique two-year monthly data set of NO3
– 

concentrations and NO3
– stable isotopic values (δ15N, δ18O, and Δ17O) from 13 rivers that drain 

the Puget Sound Basin, a spatially complex region in Washington State. By chance, this study 

occurred across two highly contrasting hydrologic years, and captured the 2015 hydrologic year 

– a record drought in terms of snowpack in the Pacific Northwest (Marlier et al., 2017). To 

understand how landscape variation influenced the sources of NO3
– across the Puget Sound 

rivers, we quantified the association between watershed characteristics (i.e., land use and 

topographic features) and river NO3
– concentrations and the δ15N, δ18O, Δ17O values of NO3

–. 

Further, by examining how these relationships varied across hydrologic conditions (i.e., seasons 

and contrasting hydrologic years), we characterized how rivers responded to altered hydrologic 
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conditions in terms of their atmospheric and human-derived NO3
– inputs and corresponding 

NO3
– concentrations. Finally, in a subset of rivers which included upstream sampling sites, we 

investigated how river network position influenced the relative contribution of NO3
– sources and 

whether hydrologic connectivity, and the consequent delivery of upland NO3
– sources 

downstream, varied in strength across rivers depending on climate conditions and watershed-

scale characteristics. Ultimately, by summarizing variation across this spatially and 

climatologically diverse dataset, we sought to determine how spatial variation in different river 

NO3
– sources inputs is controlled by heterogeneous landscapes, seasonal hydrologic regimes, and 

climate-altered precipitation conditions. 

3.3 METHODS 

3.3.1 Study area 

The Puget Sound basin, located mostly in western Washington State, drains an area of 

approximately 13,700 km2 (Fig. 1). Bounded by the Olympic Mountains to the west and the 

Cascade Range to the east, watersheds in the basin represent a gradient of geomorphic settings, 

with lowland and mountain valleys formed by continental glaciers, alpine glaciers, sediment 

deposition, and incision from rivers (Hall et al., 2018). Climate in the basin is seasonally 

variable, characterized by cool, wet winters, and warm dry summers. The average annual rainfall 

is 2147 mm, and the average annual air temperature is 8°C (PRISM Climate Group, 2015). 

During the hydrologic years of study, about 1947 mm and 2478 mm of precipitation fell within 

2015 and 2016, respectively, and the average air temperature was 10°C in 2015 and 9°C in 2016 

(PRISM Climate Group, 2015). For watersheds along both the Cascade and Olympic ranges, 

about 80% of the annual precipitation occurs from October to March (PRISM Climate Group, 
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2015). Within this setting, hydrologic regimes are governed by timing and form of precipitation 

and are characterized as rainfall-dominated (<600 m elevation with peak discharges in 

November-February) and mixed rain-and-snow hydrologies (>600 m elevation with peak 

discharges in February-June) (Hall et al., 2018; Reidy Liermann et al., 2012). Groundwater also 

sustains summer discharge in most rivers, as the unconsolidated glacial sediments of Puget 

Sound river channels are conducive to springs and hyporheic exchange (McGill et al., 2021). 

Notably, in 2015, substantial winter warming increased the proportion of precipitation falling as 

rain relative to snow, leading to declines in mountain snowpack and snowmelt-driven spring and 

summer discharge (Marlier et al., 2017). Though the effects of the snow drought were observed 

across the entire basin, watersheds in the southern Cascade Range and Olympic Mountains 

experienced the largest impacts to their snowmelt regimes (Marlier et al., 2017).  

Land use histories and development in the region have resulted in a gradient of human 

disturbance and land cover across the basin. While the slopes of the Cascade Range and Olympic 

Mountains remain mostly forested, transitions to urban and agricultural land uses along with 

increased logging since the late 1800s have removed substantial areas of floodplain forest in the 

lower basin. The central Puget Sound region has seen rapid urbanization in recent years, gaining 

over a million people since 2000 (Regional Data Profile, 2017). The south and central valleys of 

the western Cascade Range are now mainly urban and rural residential land, with some 

pastureland and forage crops (hay and corn) located outside the urban fringe (2015 WSDA 

Agricultural Land Use, 2022; Hill et al., 2016). The majority of forage and specialty crop 

cultivation (including cereal grains, berries, and vegetables) is located in the northeastern part of 

the basin in the Nooksack, Skagit and Snohomish river watersheds (2015 WSDA Agricultural 

Land Use, 2022). Forested areas along the lower Cascade Range are a mix of deciduous and 
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coniferous forest and include large stands of the early successional N-fixing tree species, red 

alder (Alnus rubra) (Wise & Johnson, 2011). Watersheds along the eastern Olympic Mountains 

remain mostly forested with coniferous trees, but with some logging, and sparse pastureland, 

forage cropped fields and residential development (2015 WSDA Agricultural Land Use, 2022; 

Hill et al., 2016). The combination of forested, mountainous areas, agricultural valleys, and 

sprawling urbanization creates a variable landscape across the Puget Sound basin, and drives a 

diversity of N inputs that cover the full range of NO3
– sources (Kendall et al., 2007). 

3.3.2 Sample and data collection 

We used two years of river monthly water quality samples collected by the Washington 

Department of Ecology’s (DoE) River and Stream Water Quality Monitoring program from 

October 2014 to September 2016 (Elmstrom 2024). The Washington DoE collects monthly water 

quality samples at nearly 100 river and stream stations across Washington state. For this study, 

we selected rivers that drain the Puget Sound Basin and range in their watershed physical and 

land use characteristics (Table 1, Fig. 1c). This included 13 rivers, each with 1 DoE sampling 

station located near the Puget Sound outlet (Fig. 1a), as well as corresponding upstream stations 

for 6 rivers located along the Cascade Range (n = 21). River order (i.e., Strahler number 

(Strahler, 1952) at the mouth ranged from 5 to 8, and sampling stations ranged from 4 to 700 

meters in elevation. We obtained subsamples of monthly water samples from each river site for 

NO3¯ triple oxygen isotope analysis (δ15N, δ18O, and Δ17O) and paired them with corresponding 

NO3¯ concentration data from the Washington’s Department of Ecology’s Freshwater 

Information Network database (Washington Department of Ecology, 2023). Details concerning 

the Washington Department of Ecology’s water quality sample handling protocols and analytical 

methods can be found in Von Prause (2021).  
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To calculate local atmospheric deposition isotopic values, we procured monthly samples 

of wet-only deposition from two National Atmospheric Deposition Program (NADP) National 

Trends Network sites located in the north and south Cascade Range from May 2015 until 

September 2016. All river water and precipitation samples were shipped to the University of 

Washington and frozen until isotopic analysis. 

3.3.3 Stable isotope analysis of NO3
- 

We analyzed river water subsamples and NADP deposition samples for the nitrogen and 

oxygen isotope ratios of NO3¯ using the bacterial denitrifier method (Kaiser et al., 2007; Sigman 

et al., 2001) at the University of Washington’s Δ*IsoLab. Briefly, NO3
– in the samples was 

converted to N2O by the denitrifying bacteria Pseudomonas aureofaciens. The resultant N2O was 

extracted, purified, and pyrolyzed to N2 and O2 in a heated gold tube held at 800°C. The isotopic 

ratios of each gas (15N/14N for N2, 
18O/16O and 17O/ 16O for O2) were measured by a Finnigan 

Delta-Plus Advantage isotope ratio mass spectrometer after separation by a gas chromatograph. 

Isotopic mass ratios are reported in the delta (δ) notation in per mil (‰), where δ = (Rsample/Rstandard − 1) × 

1000 ‰ and R is the 15N/14N in N2 normalized to atmospheric air N2 (Air) or 17O/ 16O and 18O/16O 

in O2 normalized to Vienna Standard Mean Ocean Water (VSMOW). The δ15N values were 

calibrated against two international reference materials, USGS32 (δ15N = 180‰) and USGS34 

(δ15N = −1.8‰). The δ17O and δ18O values were calibrated against USGS34 (δ17O = −14.5 ‰, 

δ18O = −27.9 ‰) and USGS35 (δ17O = 51.3 ‰, δ18O = 57.5 ‰). The Δ17O values were then 

calculated using the linear equation Δ17O = δ17O - 0.52 * δ18O. 

Analytical accuracy verified using replicate measurements of the international reference 

material IAEA-NO3 (δ15N = 4.7‰, δ18O = +25.6‰, Δ 17O = −0.2‰,) was ±0.1‰, ±0.5‰, and 
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±0.5‰ for δ15N, δ18O, and Δ 17O respectively (1SD, n = 84). Precision calculated using 

duplicates from each analytical session was estimated to be ±0.2‰, ±0.5‰, and ±0.7‰ for δ15N, 

δ18O and Δ 17O, respectively (1SD, n = 181). 

3.3.4 End-Member Mixing Analysis 

The triple isotope analysis approach using 18O/16O and 17O/16O ratios enables the 

exclusive quantification of unprocessed atmospheric NO3
– (Kaiser et al., 2007; Michalski et al., 

2004; Sigman et al., 2001). This is due to the mass dependency of terrestrial fractionations, 

where δ17O tracks δ18O by a consistent factor of 0.52 (i.e., the terrestrial fractionation line is δ17O 

≈ 0.52 × δ18O). In contrast, the production of atmospheric NO3
– involves NOx oxidation by 

ozone, which bears excess 17O. As a result, samples with atmospheric NO3
– are enriched in δ17O 

relative to δ18O, causing a positive deviation from the terrestrial fractionation line (Bourgeois, 

Savarino, Caillon, et al., 2018; Hundey et al., 2016b; Michalski et al., 2004). This deviation, 

quantified as Δ17O (Δ17O = δ17O − 0.52 × δ18O), provides an unambiguous tracer of atmospheric 

NO3
–. 

The proportion of atmospherically derived NO3
– can be determined by a simple mixing 

calculation (eq. 1). Δ17O values of atmospherically oxidized NO3
– generally range between 20 

and 35‰ in temperate latitudes (Bourgeois, Savarino, Caillon, et al., 2018; Bourgeois, Savarino, 

Némery, et al., 2018b; Clark et al., 2021; Sebestyen et al., 2019), whereas Δ17O values of NO3
– 

from terrestrially derived sources are zero (including NO3
– from fertilizers, sewage, and soils) 

(Kendall et al., 2007; Michalski et al., 2004). To quantify the relative contributions of 

unprocessed atmospheric NO3
– in the Puget Sound river NO3

– samples, we used the known 

terrestrial Δ17O-NO3
– value (i.e., 0‰) and measured Δ17O- NO3

–  values from the NADP 
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deposition water samples as end members in a two source mixing model (Bourgeois, Savarino, 

Caillon, et al., 2018; Bourgeois, Savarino, Némery, et al., 2018b; Clark et al., 2021; Liu et al., 

2013). Because the terrestrial Δ17O-NO3
– value equals 0‰, the calculation of atmospheric 

contribution, termed fatm, simplifies to the following equation: 

 𝑓𝑎𝑡𝑚 = (Δ17O𝑠𝑎𝑚𝑝𝑙𝑒/Δ17O𝑎𝑡𝑚)   (1)  

where Δ17Osample is the Δ17O value of NO3
− measured in the Puget Sound river water 

samples and Δ17Oatm refers to the Δ17O value of NO3
− measured in the NADP deposition water 

samples. To account for seasonal oscillations in Δ17Oatm (Bourgeois, Savarino, Caillon, et al., 

2018; Clark et al., 2021) and to capture the winter and spring accumulation available for 

transport downstream during snowmelt, we used the wet season mean (October – April) of Δ17O-

NO3
− in the NADP samples as the atmospheric value (Δ17Oatm) in our calculations of fatm in 

samples taken from October to mid-July. Conversely, we used the dry season mean (June – 

August) of the NADP Δ17O-NO3
− values to calculate fatm in samples collected from late July to 

September.  

Because atmospheric values of δ18O-NO3
− are strongly enriched compared to terrestrial 

values of δ18O-NO3
−, even a small proportion of atmospheric NO3

− can obscure the isotopic 

identification of terrestrial NO3
– sources and of the biological processes that affect δ15N and δ18O 

of NO3
− (e.g., denitrification, assimilation) (Kendall et al., 2007). To improve our interpretation 

of terrestrial sources and biological transformation processes, we used the atmospheric fraction 

(ƒatm) and the terrestrial fraction of NO3
− (ƒter = 1 - ƒatm) to remove the isotopic influence of 

atmospheric NO3
− from the Puget Sound river δ15N-NO3

− and δ18O-NO3
− values. Following Riha 
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et al. 2014 and others (Bourgeois, Savarino, Caillon, et al., 2018; Bourgeois, Savarino, Némery, 

et al., 2018b), the equations are: 

 δ18O𝑡𝑒𝑟 = (δ18O𝑠𝑎𝑚𝑝𝑙𝑒 − δ18O𝑎𝑡𝑚 ∗ 𝑓𝑎𝑡𝑚)/𝑓𝑡𝑒𝑟   (2) 

and 

δ15N𝑡𝑒𝑟 = (δ15N𝑠𝑎𝑚𝑝𝑙𝑒 − δ15N𝑎𝑡𝑚 ∗ 𝑓𝑎𝑡𝑚)/𝑓𝑡𝑒𝑟   (3) 

where δ18Osample and δ15Nsample are the δ18O and δ15N values of NO3
− measured in the Puget 

Sound river water samples, and δ18Oatm and δ15Natm refers to the δ18O and δ15N values of NO3
− 

measured in the NADP deposition water samples. For δ18Oatm and δ15N−
atm, we calculated the wet 

and dry seasonal means of the δ15N-NO3
− and δ18O-NO3

− values from the NADP samples and 

applied them in our calculations in the same fashion as we did above for Δ17Oatm.  

3.3.5 Watershed and landscape characteristics 

We compiled watershed-scale landscape metrics for each of the watersheds 

corresponding to our 21 river sites using the Environmental Protection Agency’s StreamCat data 

library (Table 1). These metrics included watershed area, mean watershed elevation, mean 

watershed soil depth, mean water table depth, and percent urban, wetland, agricultural, and 

forested land. We also included mean watershed slope in our analyses as it captures aspects of 

watershed topography and stream geomorphology that may influence NO3
– retention, loss, or 

transfer, such as water residence times, floodplain area, and hydrologic connectivity. We 

calculated watershed slope as the average of all slope raster pixels within the boundaries of each 

individual river’s watershed using ArcGIS (v10.8). 
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3.3.6 Statistical Analyses 

We used a combination of multivariate statistics and linear mixed effects models to 

evaluate the effects of landscape variation and climate interactions on NO3
− concentrations, 

δ15N-NO3
−, δ18O-NO3

−, and Δ17O-NO3
− values across the Puget Sound rivers. First, to 

summarize the dominant gradients of environmental variability among river sites and their 

watersheds, we used principal component analysis (PCA) to reduce the dimensionality of 

watershed land use and topographic features, which were highly colinear across our study sites. 

We then used linear mixed effects models to investigate the association between watershed 

characteristics (as described by principal component scores) and river NO3
– concentrations and 

isotopic composition (δ15N, δ18O, and Δ17O of NO3
–) from our downstream sampling stations (n 

= 13). In the same model, we used interaction terms to investigate whether these spatial 

relationships varied across hydrologic conditions (i.e., seasons and contrasting hydrologic years), 

and to identify differences in the overall mean across seasons and hydrologic years. Seasons 

were defined as winter (October – March) and summer (April – September). Per each response 

variable, the model fixed effects were specified as follows: 

NO3
−, δ15N, δ18O, or Δ17O = PC1 × Season × Year (4) 

In a separate but related analysis, we evaluated spatial variation in river NO3
− 

concentrations, δ15N-NO3
−, δ18O-NO3

−, and Δ17O-NO3
− values among the 6 different rivers that 

included downstream and upstream sampling sites. In these models, we used the same interaction 

terms to evaluate whether hydrologic conditions obscured or amplified differences among 

downstream and upstream sites. The models fixed effects were specified as follows: 

NO3
−, δ15N, δ18O, or Δ17O = River position × Season × Year   (5) 
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We log-transformed the NO3
– concentration and Δ17O-NO3

– response variables to meet 

the assumptions of normality. To address heteroscedasticity, we incorporated a variance function 

as a weighting factor for each response variable. For both sets of models, we included random 

intercepts for each river site and used an autoregressive correlation structure of order 1 (corAR1) 

to account for the temporal autocorrelation in our model errors. 

We compared models with different combinations of fixed effects and interaction terms 

using Akaike Information Criterion corrected for small sample sizes (AICc; Burnham & 

Anderson, 2002) and the dredge function from the MuMIn package in R. We performed 

pairwise comparisons among seasons nested within water years and river positions nested within 

each watershed (i.e., downstream vs. upstream) using the emmeans package which calculates 

estimated mean differences from model outputs (Lenth, 2018). All multivariate data analyses 

were conducted using the vegan and biostats packages in R (R Development Core Team, 2011). 

3.4 RESULTS 

3.4.1 Watershed physical and land use characteristics 

Principal component analysis (PCA) summarized a large proportion of variance (83.6%) 

in the river and watershed characteristics (PC1 = 68.3%, PC2 = 15.2%). PC1 was statistically 

significant according to a Monte Carlo randomization test (PC1, p = 0), and all variables except 

watershed area had significant loadings on PC1 (Table S1, Fig. 1c). Notably, watershed slope 

had a particularly high loading on PC1, with a linear correlation between the PC1 vector loadings 

of 0.98 (Table S1). Rivers with increased human activity and wetland areas were found in low-

elevation, low-gradient watersheds (Fig. 1c). Conversely, rivers with greater forest cover were 

grouped in watersheds with higher elevations and steeper gradients (Fig. 1c). These river 
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groupings also corresponded to average mean annual temperatures, likely reflecting precipitation 

form and river hydrologic regimes. This indicates that rain-dominant rivers are prevalent in low-

elevation, low-gradient watersheds with increased human activity, while snow-dominant rivers 

are more common in higher, steeper watersheds with greater forest cover. The second PCA axis 

was primarily explained by watershed area and was not statistically significant (PC2, p = 1). 

3.4.2 NO3
– Concentrations 

River NO3
– concentrations ranged from below the detection limit (< 0.01 mg/L) to a 

maximum of 1.06 mg/L across all river sampling stations and study months, with a basin-wide 

mean of 0.22 ± 0.21 mg/L (1SD) across the full period of study (Table 1). The highest study 

mean was observed in the Deschutes River (0.75 ± 0.1 mg/L), a river located along the southern 

Cascade Range. The lowest study means were observed in the Elwha and Duckabush rivers (0.03 

± 0.02 mg/L), which are both located in the Olympic Mountain Range.  

Looking across downstream river sampling stations, we found that average river NO3
– 

concentrations covaried strongly with watershed characteristics, but that the strength of this 

relationship across rivers varied between winter and summer seasons. The best supported models 

(ΔAIC < 2) included a negative effect of PC1 and an interaction between PC1 and season (Table 

2), indicating that river NO3
– concentrations were higher in low gradient watersheds with 

increased human activity than in higher sloped, more forested watersheds, but the difference 

across rivers was stronger in the winter than in the summer season (Fig. 2a). When comparing 

NO3
– concentrations across upstream and downstream sampling stations within watersheds, we 

observed a similar interaction between river sampling position and season (Table 3). 

Downstream stations had higher average NO3
– concentrations compared to river stations located 

upstream, but the relative difference in NO3
– concentrations between downstream and upstream 
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stations was more pronounced during the winter than in the summer (Table S2, Fig. 3a). In both 

analyses, the top models included an effect of hydrologic year and season nested within 

hydrologic year. On average, NO3
– concentrations exhibited a small, but statistically identifiable 

increase during the summer season of the dry year (2015) but remained statistically unchanged 

between the wet and dry year winter seasons (Table 4).  

3.4.3 NO3
– Isotopic Composition: δ15N, δ18O, and Δ17O of NO3

– 

Δ17O-NO3
– values varied considerably across rivers in the Puget Sound Basin, ranging 

from 0 to 15.7‰, with a basin-wide study mean value of 0.68 ± 1.0‰. The Elwha River had the 

highest mean of Δ17O-NO3
– values (2.76 ± 3.76‰). The Deschutes River had the lowest study 

Δ17O-NO3
– mean (0.24 ± .20‰). The atmospherically corrected δ15N−NO3

− values across rivers 

ranged between −5.24 and 13.74‰, with a basin-wide study mean of 2.93 ± 2.92‰. For δ18O-

NO3
–, atmospherically corrected values ranged between −17.78 and 11.21‰ and the study 

average was -2.52 ± 3.05‰. The highest mean values for both δ15N-NO3
– and δ18O-NO3

– were 

found in the Puyallup river (8.66 ± 2.91‰. and 0.37 ± 1.72‰, respectively), and the lowest 

mean values for δ15N-NO3
– and δ18O-NO3

– were found upper Skagit River (-0.42 ± 0.56‰. and -

7.68 ± 2.83‰, respectively). These findings are in the same range of previously measured NO3
– 

isotopic values in temperate and high elevation, mountainous rivers (Bourgeois, Savarino, 

Caillon, et al., 2018; Hundey et al., 2016b; Jiang et al., 2022; Sebestyen et al., 2019; Tsunogai et 

al., 2014, 2016). 

Comparison across downstream river sampling stations revealed average river NO3
– 

isotopic composition (δ15N, δ18O, and Δ17O of NO3
–) covaried strongly with watershed 

characteristics, but that the strength of this relationship differed under contrasting hydrologic 

conditions (i.e., seasons and hydrologic years). For δ15N, δ18O, and Δ17O of NO3
–, the best 
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supported models (ΔAIC ≤ 2) included an effect of PC1 and, for Δ17O-NO3
– and δ15N-NO3

–, top 

models also included an interaction between PC1 and season (Table 2). River Δ17O-NO3
– values 

were highest in steep, high elevation watersheds with greater forest cover compared to rivers 

draining lower gradient watersheds with more human activity (Fig. 2b). Conversely, δ15N-NO3
– 

and δ18O-NO3
– values were enriched in rivers with higher degrees of human disturbance relative 

to rivers draining more forested, steeper sloped watersheds (Fig. 2c). The relative differences in 

Δ17O-NO3
– and δ15N-NO3

– values across the downstream river stations, however, were most 

pronounced in the summer season, and, overall, both isotopes were more enriched in the summer 

than in the winter (Fig. 2b, c). In contrast to Δ17O-NO3
– and δ15N-NO3

– values, seasonal 

differences in δ18O-NO3
– values across the downstream river stations were not statistically 

supported (Table 2). Top models for δ18O-NO3
– values did however include an interaction 

between PC1 and hydrologic year, indicating the relationship between δ18O-NO3
– values and 

river watershed characteristics varied annually between normal and drought hydrologic 

conditions.  

When comparing NO3
– isotopic compositions across upstream and downstream sampling 

stations within watersheds, we again observed a similar interaction between hydrologic 

conditions and the relative influence of watershed conditions (in this case, river position) on 

δ15N, δ18O, and Δ17O of NO3
– values (Table 3). Specifically, we found that downstream and 

upstream stations were statistically distinct in their isotopic composition (δ15N, δ18O, and Δ17O of 

NO3
–), but the relative differences between downstream and upstream stations varied seasonally 

for Δ17O-NO3
– and δ15N-NO3

– values and annually for δ18O-NO3
– values (Fig. 3, Table S2). 

Downstream stations were more enriched in δ15N-NO3
– and δ18O-NO3

– values compared to 

upstream stations, while upstream stations were more enriched in Δ17O-NO3
– values compared to 
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downstream stations. The differences in Δ17O-NO3
– and δ15N-NO3

– values between downstream 

and upstream stations across rivers, however, were notably most pronounced during the summer 

than in the winter season. Seasonal differences between upstream and downstream station δ18O-

NO3
– values were again not statistically supported (Table 3), but the relative difference in δ18O-

NO3
– values between sites did vary across the two hydrologic years of study. We provide the 

annual relationships between δ18O-NO3
– values, watershed characteristics, and river position in 

Supplemental Figures 1 and 2.  

For both across-watershed and within-watershed analyses, the top competing models for 

δ15N-NO3
– values included an effect of hydrologic year, and for Δ17O-NO3

– and δ18O-NO3
– 

values, the top competing models included an effect of hydrologic and season nested within 

hydrologic year (Table 2, Table 3). On average, Δ17O-NO3
– values were more enriched during 

the summer season of the wet year (2016) but remained statistically unchanged between the wet 

and dry year winter seasons (Table 4). δ15N-NO3
– and δ18O-NO3

– values were more enriched 

during the wet year (2016) across both the winter and summer seasons than in the dry year 

(2015) (Table 4).  

3.5 DISCUSSION 

We found broad spatial variation in NO3
– concentration and isotopic composition among 

river systems in the Puget Sound Basin, primarily associated with land use and topographic 

gradients both across and within river watersheds. However, when examining these relationships 

in the context of seasonal climate, we found alternate hydrologic conditions either amplified or 

obscured variation in NO3
– dynamics across rivers. Specifically, river sites exhibited more 

distinct isotopic compositions in summer compared to winter. This suggests that hydrologic 

connections with different NO3
– source compartments strongly influence the relative 
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contributions of atmospheric and terrestrially derived NO3
– sources to rivers (Briand et al., 2017; 

Rollinson et al., 2021b). Further, when comparing isotopic composition at the interannual scale 

across two highly contrasting water years, we found record drought conditions substantially 

altered NO3
– mobilization from watersheds and affected the delivery of atmospheric and 

terrestrially derived NO3
– sources to rivers. This underscores the importance of climate-

landscape interactions in driving NO3
– inputs to rivers, indicating that while landscape variation 

is a key driver of NO3
– inputs, the consideration of climate is essential for a complete 

understanding of the NO3
– sources entering and being delivered by rivers.  

3.5.1 NO3
– concentrations across and within river gradients 

River NO3
– concentrations were strongly associated with the first principal component 

axis (PC1), which represents a gradient of watershed land use and topography across the Puget 

Sound watersheds (Fig. 2a, Fig. 1c). NO3
– concentrations were highest in rivers draining low 

gradient watersheds with increased human activity, whereas rivers draining steep, forested 

watersheds had far lower NO3
– concentrations and were less developed (Fig. 2a). Downstream 

river stations also had significantly higher NO3
– concentrations than river stations located 

upstream (Table S2), which drain steeper, primarily forested watershed areas (Table 1). The 

differences found across and within rivers, however, were most pronounced during the wet 

winter months compared to the dry summer season (Fig. 2a, Fig. 3a). The spatial variation in 

NO3
– concentrations found across the Puget Sound rivers aligns with an extensive body of 

literature showing that river NO3
– concentrations tend to vary with watershed characteristics 

(Bormann et al., 1968; Connolly et al., 2018b; Goyette et al., 2019a; Schiff et al., 2002), often 

increasing alongside human activity (Lewis & Grimm, 2007; Mulholland et al., 2008). Further, 

the increased winter variation in river NO3
– concentrations provides more evidence to show that 
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precipitation interacts with landscapes to mobilize nutrients from watersheds to rivers, but often 

to varying degrees (Kaushal et al., 2014; Sinha & Michalak, 2016). Notably, while our results 

provide correlative associations between NO3
– dynamics and the Puget Sound watershed 

characteristics, we cannot distinguish between the effects of land use and physical controls, 

which are fundamentally related in our mountainous and human influenced study system (Fig. 

1c). Nevertheless, we discuss our results in the context of both watershed land use and 

topography and draw hypotheses regarding the dominant landscape-level physical and 

biogeochemical controls of Puget Sound river NO3
–.  

3.5.2 Atmospheric contributions to river NO3
– vary across watersheds and with season 

Enriched Δ17O-NO3
– values in river sites with greater montane influence clearly 

demonstrate the importance of watershed characteristics on atmospheric NO3
– sources, and 

particularly highlight the role of topography in driving atmospheric NO3
– inputs to aquatic 

ecosystems (Baron & Campbell, 1997; Bourgeois, Savarino, Némery, et al., 2018a; Clark et al., 

2021). Atmospheric deposition contributed significantly more to NO3
– pools in rivers draining 

steep, high elevation watersheds with increased forest cover compared to rivers draining lower 

gradient watersheds with increased human activity (Fig. 2b). Additionally, river sampling sites 

located at higher elevations within watersheds (Fig. 1a) exhibited notable increases in 

atmospheric NO3
– signals relative to sampling sites located downstream near river mouths (Fig. 

3b). Increased inputs of atmospheric NO3
– to surface waters are well documented in other 

mountainous regions(Bourgeois, Savarino, Caillon, et al., 2018; Bourgeois, Savarino, Némery, et 

al., 2018b; Clark et al., 2021; Hundey et al., 2016b; Xia et al., 2019) and have been broadly 

attributed to the delivery of atmospheric NO3
– from melting snowpack in high elevations, as well 

as landscape properties in high relief areas that expedite NO3
– delivery. Steep slopes, reduced 
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soil development, and minimal vegetation, for example, promote the rapid infiltration of 

precipitation and low uptake of NO3
–  (Schiff et al., 2002; Sebestyen et al., 2019), such that 

atmospheric NO3
– rapidly reaches streams and is transported downriver (Bourgeois, Savarino, 

Némery, et al., 2018b). The enriched Δ17O-NO3
– values found in the high relief and elevation 

river sites suggest that atmospheric NO3
– inputs to rivers in the Puget Sound Basin are likely 

connected to similar topographic controls on snowpack, hydrologic connectivity, and water 

residence times. Reduced Δ17O-NO3
– values found in rivers draining low relief areas could also 

be influenced by topographic controls (e.g., increased residence times, soil development, and 

associated terrestrial loss or incorporation processes). Though in our study system, this is 

confounded by increased human activity in low relief areas, which can dilute atmospheric signals 

by dramatically enriching rivers with NO3
– sources from urban and agricultural practices (Bostic 

et al., 2022).  

Seasonal variations in Δ17O-NO3
– values at river sites with greater montane influence 

further highlight watershed topography as a potential driver of atmospheric NO3
– contributions in 

rivers and their modulation by seasonal river hydrologic regimes. Atmospheric NO3
– inputs in 

higher elevation rivers and upstream sites were most pronounced in the summer season (up to 

55% in one of our highest elevation and sloped rivers, Fig. 2b, Fig. S3), clearly outlining the 

delivery of NO3
– from snowmelt-driven flow in rivers with snow-dominant hydrologic regimes, 

as widely reported in other mountain-fed streams and rivers (Bourgeois, Savarino, Caillon, et al., 

2018; Bourgeois, Savarino, Némery, et al., 2018b; Tsunogai et al., 2014, 2016; Xia et al., 2019). 

Conversely, in rivers draining lower relief areas with predominantly rain-driven hydrologic 

regimes, Δ17O-NO3
– values were lower and seasonally stable (Fig. 2b), suggesting that 

atmospheric NO3
– inputs were unrelated to flow patterns and that rain-derived NO3

– was either 
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retained in soils or as mentioned previously, diluted by anthropogenic NO3
– sources (Bostic et 

al., 2022). These findings align with previous work showing that atmospheric NO3
– contributions 

vary across river gradients (that is, across watersheds and within river networks) depending on 

topography and hydrologic regime. For example, in the French Alps, atmospheric deposition 

contributed significantly more to NO3
– pools in streams at high elevations with snowmelt-driven 

flow relative to urban sites with smoother topography and mixed-rain-snow hydrologic regimes 

(Bourgeois, Savarino, Némery, et al., 2018b). Together, this suggests that spatial variation in 

atmospheric NO3
– inputs is strongly influenced by watershed topography, with this variation 

predominately occurring in the summer due to the role of mountain snowpack in driving seasonal 

river hydrologic regimes.  

3.5.3 Terrestrially derived river NO3
– varies across watersheds and with hydrologic 

connectivity 

The strong relationship found between watershed characteristics and the Puget Sound 

river δ15N-NO3
– values (Fig. 2c) indicates that rivers with low gradient, anthropogenically 

disturbed watersheds received a higher proportion of δ15N-enriched NO3
– sources, such as septic 

and manure waste, compared to rivers with steeper watersheds and increased forest cover. The 

highest δ15N-NO3
– values were observed in the Puyallup River (up to 13.8‰), previously 

reported as one of the Puget Sound rivers most influenced by wastewater discharge (Wise & 

Johnson, 2011). Conversely, in rivers with the highest watershed forest cover, δ15N-NO3
– values 

were relatively depleted (ranging from -5.2‰ to 4.8‰) and fell within the range typical of soil N 

(Kendall et al., 2007). Enriched river δ15N-NO3
– values are widely documented in human-

dominated watersheds elsewhere and often align with high river NO3
– concentrations (Barnes & 

Raymond, 2010; Liu et al., 2013; Rose et al., 2015), linking downstream N exports to 
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wastewaters from human activities. However, despite the clear enrichment of δ15N-NO3
– values 

in rivers with human impacted watersheds, we observed that when NO3
– concentrations 

increased with winter discharge, δ15N-NO3
– values declined, dampening the variation in δ15N-

NO3
– values found across rivers (Fig. 2c, Fig. 4). The relatively depleted wintertime δ15N-NO3

– 

signals reflect soil N and microbial nitrification sources (including chemical fertilizers and rain-

derived NH4
+) (Barnes & Raymond, 2010; Kendall et al., 2007), implying that the majority of 

NO3
– entering the Puget Sound rivers in winter had been reprocessed within the watershed prior 

to delivery. The seasonal depletion of river δ15N-NO3
– has been shown previously in the region 

(Elmstrom et al., 2024), however, by examining river δ15N-NO3
– values in the context of 

watershed characteristics, we show that rivers are enriched in δ15N-NO3
– to different degrees. 

This variation across rivers, however, largely occurs in the summer, with low gradient, human 

impacted rivers experiencing greater enrichment compared to rivers draining steeper, forested 

watersheds which are more pristine. 

Corresponding δ15N-NO3
– values from upstream river stations provide further context to 

the dominant sources of river N in the region, indicating that wintertime NO3
– concentrations in 

the Puget Sound rivers were strongly influenced by hydrologic connectivity with upland soils. 

Upstream stations, which drain large, primarily forested upland areas (93-96%), exhibited 

depleted δ15N-NO3
– values relative to downstream stations, with values predominantly within the 

range typical of mineralized and nitrified soil N (Kendall et al., 2007) (Fig. 3c). The isotopic 

distinction between river network positions, however, was most pronounced during the summer 

(Fig. 3c), implying more localized sources contributed to NO3
– concentrations in downstream 

stations as river discharge declined. Conversely, in winter, when river flows were high, the 

relative difference in δ15N-NO3
– values between upstream and downstream stations decreased 
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(Fig. 3c), suggesting enhanced connectivity along the river network promoted leaching and the 

downstream delivery of soil N sources from forest organic matter. Although we cannot discount 

the potential influence of other depleted sources as drivers of downstream δ15N-NO3
– declines 

(e.g., chemical fertilizers, human legacy N in soils), our thinking aligns with previous research 

from the Puget Sound Basin watersheds, which identify upland forested areas as significant 

contributors to river N inputs and downstream water quality (J. Lin et al., 2020; McCarthy, 2019; 

Wise & Johnson, 2011). For example, a recent N budget study in the Nooksack River watershed 

found the upland watershed contributed 53% of annual NO3
– export at the river mouth (J. Lin et 

al., 2020). Red alder plays an important role in adding fixed N to watershed soils in the Pacific 

Northwest (Binkley et al., 1992; Compton et al., 2003) and is prevalent in upland Puget Sound 

watersheds due to riparian disturbance and logging. This context, coupled with the overlapping 

winter δ15N-NO3
– values along the Puget Sound river networks, underscores the significance of 

upland forested landscapes as contributors to seasonal river NO3
– exports, particularly through 

soil mineralization and the nitrification of soil NH4
+ (Compton et al., 2003; S. Li et al., 2023; J. 

Lin et al., 2020). 

When examining the differences between upstream and downstream stations of 

individual rivers, we further observed that the upstream-to-downstream differences in δ15N-NO3
– 

values varied across rivers, but this variation appeared predictable based on the dominant 

principal components axis (PC1). Specifically, we found that rivers draining lower sloped 

watersheds with greater human activity exhibited larger differences in δ15N-NO3
– between their 

up and downstream stations compared to rivers draining steeper sloped, more forested 

watersheds (Fig. 3c). This also held true for NO3
– concentrations, with the exception of the lower 

sloped Cedar River, which had similar mean NO3
– concentrations in its upstream and 
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downstream stations (Fig. 3a). Notably, rivers ordinated on the left of the PC1 axis (i.e., more 

disturbed, smoother watersheds) had the greatest differences in land use between their up and 

downstream river watershed areas (Table 1). This suggests the variation found across rivers was 

largely driven by the increased transfer of enriched δ15N-NO3
– sources from human activity in 

the downstream, flat areas of lower sloped watersheds. These differences, however, were once 

again confounded by the strong collinear relationship between watershed topography and land 

use cover in the Puget Sound Basin (Fig. 1c), indicating that river hydrology and slope-driven 

hydrologic connectivity could also play a role in the relative connection between NO3
– dynamics 

in upstream and downstream river sites. For example, the Snohomish, Stillaguamish, and Skagit 

rivers all have drain relatively steep watersheds, which could expedite constituent movement 

down the river network, resulting in a more uniform NO3
– source between the two river stations 

(Schiff et al., 2002). While we surmise that the upstream-downstream differences across rivers 

are predominately driven by contrasting land use across watersheds, we cannot disentangle the 

role of land use vs. the topography in driving terrestrially derived sources of NO3
– downstream in 

our study system. 

3.5.4 Drought affects NO3
- runoff and the delivery of atmospheric and terrestrially derived 

NO3
– sources to rivers 

Interannual variation in Puget Sound river Δ17O-NO3
– values indicates that record 

drought conditions substantially decreased the seasonal delivery of atmospheric NO3
– to rivers, 

with these effects varying strongly across different river types and locations within the Puget 

Sound Basin. Summer river Δ17O-NO3
– values were significantly lower on average during the 

2015 hydrologic year (relative to 2016; Table 4, Fig. 5b), which was an exceptional year in the 

region characterized by high winter temperatures and reduced runoff and snow water equivalent 
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(SWE) (Marlier et al., 2017). However, despite a statistical decrease in the basin-wide mean 

Δ17O-NO3
– value for 2015 relative to 2016, decreases in Δ17O-NO3

– values varied among 

individual rivers, depending on their hydrologic regime and regional location (Fig. SI 3). The 

most prominent decreases in summer Δ17O-NO3
– values were observed in snow-dominant rivers 

in the Olympic Mountains and southern Cascade Range, whereas snow-dominant rivers in the 

North Cascade Range exhibited increases in summer Δ17O-NO3
– values during 2015 compared to 

2016 (Fig SI 4). This regional variability aligns with recent climate research showing the impacts 

of the 2015 drought were differentially felt across the basin (Marlier et al., 2017). Specifically, 

the Olympic Mountains experienced their lowest SWE since 1950, and the southern Cascade 

Range recorded its second-lowest SWE on record. In contrast, the northern Cascade Range had 

its second warmest winter on record, but changes in precipitation and SWE were not extreme 

(Marlier et al., 2017). 

Regardless of these locational specifics, the 2015 declines in river Δ17O-NO3
– values 

have broader implications for watershed ecosystem functioning in the Puget Sound Basin and in 

other mountainous regions. Specifically, as climate change intensifies and snowpack declines, 

these results suggest rivers draining steep, mountainous terrain will receive less NO3
– from 

atmospheric deposition, which could lead to greater terrestrial N retention and further N 

enrichment of mountainous, high elevation environments (Bourgeois, Savarino, Némery, et al., 

2018b). Elevated atmospheric N deposition has already been well documented in remote alpine 

ecosystems and has altered critical ecosystem processes, such as C:N:P stoichiometry, ecosystem 

primary productivity, and plant and microbial community structures (Baron & Campbell, 1997; 

Boot et al., 2016; Burns, 2004; Elser et al., 2009). Future effects on terrestrial ecosystems are 

complex and uncertain, but this is a critical area of study, particularly in high alpine 
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environments that are distinctly sensitive to climatic change and the broad ranging effects of 

anthropogenic N deposition (Burns, 2004). 

River NO3
– concentrations, along with δ15N-NO3

– and δ18O-NO3
– values, also exhibited 

notable changes during and following the 2015 water year, indicating that drought conditions 

substantially altered concentration-dilution patterns, landscape N retention, and the delivery of 

terrestrially derived NO3
– sources from watersheds to rivers. River NO3

– concentrations were 

statistically higher during the summer low-flow conditions of 2015 compared to 2016 (Table 4), 

suggesting that reductions in groundwater and snow-driven flow led to the concentration of NO3
– 

in Puget Sound rivers. Although not statistically identifiable, winter NO3
– concentrations also 

appeared to be influenced by drought conditions. Specifically, the winter of 2016, characterized 

by heavy precipitation, showed a much wider range of NO3
– concentrations compared to the 

winter of 2015 (Fig. 5a). Drought can lead to the accumulation of N on land and in soils, and 

subsequent precipitation often triggers a pulse of NO3
– in runoff and soil leaching (Greaver et al., 

2016). For instance, the 2012 droughts in the US Midwest were followed by extremely high river 

NO3
– concentrations in the spring of 2013 (Van Metre et al., 2016). The enriched δ15N-NO3

– and 

δ18O-NO3
– values in 2016 further indicate that wetter conditions and increased river discharge 

may have facilitated the transfer of previously accumulated anthropogenic NO3
– sources, both in 

the winter and throughout the broader hydrologic year (Table 4, Fig. 5c, d).  Wetter conditions 

can also facilitate rates of denitrification (Gomez-Velez et al., 2015; Sigler et al., 2022), which is 

a possible cause for the dual enrichment of river δ15N-NO3
– and δ18O-NO3

– values during 2016. 

Such biological processes should enrich residual δ15N-NO3
– and δ18O-NO3

– values along a 

positively 2:1 or 1:1 correlated line (F. Chen et al., 2009; Granger & Wankel, 2016; Kendall et 

al., 2007; Wells et al., 2019). However, largely weak correlations between δ15N-NO3
– and δ18O-
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NO3
– values at the individual river sites (Fig. S5) indicates that biological processes such as 

denitrification or N assimilation were largely not predominant in the Puget Sound rivers. 

3.5.5 Conclusions 

We found that spatial variation in the contribution of atmospheric vs. terrestrially derived 

river NO3
– sources was strongly associated with a gradient of watershed characteristics, 

including differences in land use and topography, while also demonstrating the significance of 

climate-landscape interactions in driving NO3
– inputs to rivers. By examining NO3

– triple oxygen 

isotope variation across multiple river gradients—both across and within rivers—we demonstrate 

that measurable traces of atmospheric NO3
– pollution exist in Puget Sound rivers and provide 

further evidence to show that river atmospheric NO3
– contributions are strongly influenced by 

watershed topography and the balance of rain vs. snow that shape river hydrologic regimes. 

Additionally, by examining seasonal differences in terrestrially derived NO3
– sources across 

rivers and along river networks, we highlight the importance of forested landscapes as significant 

contributors of soil N to wintertime concentrations of Puget Sound river NO3
–. Finally, we show 

that climate substantially alters the delivery of atmospheric and terrestrially derived NO3
– 

sources to Puget Sound rivers at the inter-annual scale, which has broader implications for the 

future of biogeochemical cycling in river and watershed ecosystems, particularly in mountainous 

landscapes. A major outcome of climate change will be the intensification of precipitation 

patterns, including increased winter runoff, rain-on-snow events, and reductions in snow in some 

regions (Hamlet et al., 2013; Seybold et al., 2022; Sinha et al., 2017). Here, we provide insight 

into how climate change may be expressed in terms of river N cycles and how this will not only 

affect the total amount of NO3
– in rivers, but also the different sources of NO3

–. Altogether, our 

study indicates that while landscape variation is a critical driver of atmospheric and terrestrially 
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derived NO3
– inputs, the consideration of climate is essential for a complete understanding of 

current and future riverine NO3
– source dynamics across rivers.  
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3.6 TABLES 

Table 3.1. River and watershed characteristics of the Puget Sound Basin rivers of study. River 

and watershed characteristics are ordered by decreasing monthly mean NO3
– concentration at the 

downstream station. Upstream river stations are listed below their corresponding downstream 

station. Other descriptors include stream order, watershed area, mean watershed elevation, mean 

watershed slope, and percent urban, agriculture, wetland, coniferous forest cover by area of the 

watershed. Downstream river water quality sampling sites are labeled on Figure 1 using the 

italicized abbreviations in the first column of the table.   

 

Table 3-1 Watershed characteristics 
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Table 3.2. Competing models with relative support (ΔAICc ≤ 2) for our across river 

comparison using AICc analysis for each response variable, where the most parsimonious 

models with the most support are shown in bold.  

 

Response Variable ΔAICc Covariates included in model with relative support 

NO3
– 0 PC1, Season, PC1×Season 

NO3
– 2.0 PC1, Season, Year, PC1×Season 

   

Δ17O-NO3
– 0 PC1, Season, PC1×Season 

Δ17O-NO3
– 0.5 PC1, Season, Year, PC1×Season, Season × Year 

   

δ15N-NO3
– 0 PC1, Season, Year, PC1×Season 

δ15N-NO3
– 0.9 PC1, Season, Year 

   

δ18O-NO3
– 0 PC1, Year, PC1×Year 

δ18O-NO3
– 1.7 PC1, Year 

 

Table 3-2 Across rivers 
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Table 3.3. Competing models with relative support (ΔAICc ≤ 2) for the within river 

comparison using AIC analysis for each response variable, where the most parsimonious models 

with the most support are shown in bold.  

Response 

Variable 
ΔAICc Covariates included in model with relative support 

NO3
– 0 Position, Season, Year, Position× Season, Season × Year 

NO3
– 1.5 Position, Season, Year, Season × Year 

NO3
– 2.0 Position, Season, Year, Position× Season, Position× Year, Season × Year 

   

Δ17O-NO3
– 0 Position, Season, Position× Season, 

Δ17O-NO3
– 1.8 Position, Season, Year, Position× Season 

Δ17O-NO3
– 1.9 Position, Season, Year, Position× Season, Season × Year 

   

δ15N-NO3
– 0 Position, Season, Year, Position× Season, 

δ15N-NO3
– 1.7 Position, Season, Year, Position× Season, Position × Year 

δ15N-NO3
– 1.8 Position, Season, Year, Position× Season, Season × Year 

   

δ18O-NO3
– 0 Position, Season, Year 

δ18O-NO3
– 1.5 Season, Year 

δ18O-NO3
– 1.8 Position, Season, Year, Position × Year 

δ18O-NO3
– 1.8 Position, Season, Year, Season × Year 

 

Table 3-3 Within watersheds 
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Table 3.4. Pairwise comparisons assessing the basin-wide differences between seasons for each 

hydrologic year of study. “Dry” represents the 2015 hydrologic year and “wet” represents the 

2016 hydrologic year. Significant comparisons are shown in bold.  

Response variable Year Contrast Season Sign p 

NO3
– Wet - Dry Summer − p < 0.10 

NO3
– Wet - Dry Winter + n.s. 

     

Δ17O-NO3
– Wet - Dry Summer + p < 0.05 

Δ17O-NO3
– Wet - Dry Winter − n.s. 

     

δ15N-NO3
– Wet - Dry Summer + p < 0.01 

δ15N-NO3
– Wet - Dry Winter + p < 0.05 

     

δ18O-NO3
– Wet - Dry Summer + p < 0.01 

δ18O-NO3
– Wet - Dry Winter + p < 0.001 

 

Table 3-4 Between years 
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3.7 FIGURES 

Figure 3.1. Map and characteristics of the Puget Sound Basin watersheds of study. a) The 

watersheds of study shaded with their local slope in degrees. Black points represent the 

downstream river water quality sampling stations. Italicized abbreviations refer to the river 

names, which are provided in full in Table 2. Grey points represent the upstream river water 

quality sample stations. b) Location of the Puget Sound Basin within Washington state and 

British Columbia.  c) Ordination plot showing principal component analysis (PCA) of watershed 

characteristics from the Puget Sound Basin rivers. Length and direction of arrows on the 

ordination are proportional to vector loading of watershed characteristics into each principal 

component (PC). Points are colored by the watershed 30-year average annual air temperature 

(PRISM Climate Group, 2015). 

 

Figure 3-1 Study map 
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Figure 3.2. a) Average river NO3
– concentrations modeled as a logarithmic function of principal 

component axis 1 for the winter and summer seasons. b) Average river Δ17O-NO3
– modeled as a 

logarithmic function of principal component axis 1 for the winter and summer seasons. c) 

Average river δ15N-NO3
– modeled as a linear function of principal component axis 1 for the 

winter and summer seasons.  

 

Figure 3-2 PC1 season 
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Figure 3.3. a) Average river NO3
– concentration in downstream and upstream stations for the 

winter and summer seasons. b) Average river Δ17O-NO3
– in downstream and upstream stations 

for the winter and summer seasons. c) Average river δ15N-NO3
– in downstream and upstream 

stations for the winter and summer seasons. Downstream stations are colored grey. Upstream 

stations are colored blue and orange for the winter and summer seasons, respectively.  

 

Figure 3-3 Up down season 
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Figure 3.4. δ15N-NO3
– values measured in the downstream Puget Sound river stations plotted 

versus river discharge on the logarithmic scale. Size and color of the points are proportional to 

the corresponding (but scaled) NO3
– concentrations for each river sample. 

 
Figure 3-4 d15N vs. Q 
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Figure 3.5. a) Average river NO3
– concentration in winter and summer seasons for the dry and 

wet year of study. b) Average river Δ17O-NO3
– in winter and summer seasons for the dry and wet 

year of study. c) Average river δ15N-NO3
– in winter and summer seasons for the dry and wet year 

of study. d) Average river δ18O-NO3
– in winter and summer seasons for the dry and wet year of 

study. Winter seasons are colored light blue and dark blue for 2015 and 2016, respectively. 

Summer seasons are colored light orange and dark orange for 2015 and 2016, respectively.  

 

Figure 3-5 Between years 
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CONCLUSION 

My dissertation research builds on foundational research in river ecosystems science 

showing rivers are fundamentally connected to their watersheds (Bormann et al., 1968; Bormann 

& Likens, 1967), while expanding on more recent work re-emphasizing this includes both 

watershed land cover and surrounding terrain (Cline et al., 2020; Connolly et al., 2018a; Harms 

et al., 2016; Holtgrieve et al., 2010; Jankowski et al., 2014; Jankowski & Schindler, 2019; Lisi et 

al., 2015; Schiff et al., 2002; Smits et al., 2017). Additionally, my research emphasizes the 

significance of hydroclimate as a key structuring variable of physical and ecological processes 

within watersheds (Poff et al., 1997) and highlights the importance of climate-landscape 

interactions in driving river nutrient processes and transport to the coastal ocean (Lewis & 

Grimm, 2007; Sinha & Michalak, 2016; Soranno et al., 2014). By employing cross-system 

comparisons (Levin, 1992), stable isotopes (Sigman et al., 2001), and time series statistical 

models (Holmes et al., 2021), my dissertation research ultimately shows that climate, landform, 

and hydrologic regime are dominant controls of river biogeochemical source and transport in the 

Puget Sound Basin, which has broader implications for the Pacific Northwest and other 

mountainous regions. Moreover, my research elucidates the major sources of reactive N to the 

Puget Sound rivers and indicates the need for future studies at finer scales to fully understand the 

confounding landscape-level controls that drive N sources and transport across human-

influenced, mountainous landscapes. My conclusions are as follows:  

Climate and the physical environment dominate changes in river nutrient concentration, source, 

and transport in a human-influenced, mountainous region:  
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Drivers of river nutrient concentration, source, and transport are numerous, with multiple 

interacting controls that are hierarchically nested at macro (e.g., PDO, ENSO), regional (e.g., 

temperature, precipitation), and watershed (e.g., topography, land use, hydrologic regime) scales 

(Frissell et al., 1986; Heffernan et al., 2014). When observing spatial and temporal variation 

through a broad, regional-scale lens, my dissertation research demonstrates that regional and 

macro-scale climate drivers dominate seasonal and decadal-scale changes in river nutrient 

sources, concentrations, and transport across the Puget Sound Basin. In Chapter 1, I show 

regional hydroclimate strongly influences the seasonality of river NO3
– dynamics, largely 

synchronizing monthly variation in river NO3
– yield, concentration, and isotopic composition 

across rivers within two mountain ranges. Given the strength of seasonal precipitation in the 

Pacific Northwest, I anticipated some degree of coherence in monthly river NO3
– concentrations 

and yields, but coherence in monthly isotopic composition provides new evidence showing the 

importance of seasonal runoff and snowmelt in driving hydrologic connections with common 

watershed NO3
– sources. In Chapter 2, I further demonstrate the importance of macro-scale 

climate phenomena, particularly the Pacific Decadal Oscillation, as drivers of long-term change 

in river hydrologic and nutrient transport regimes. Here, I specifically identify the largest 

changes in seasonal river DIN and DIP transport regimes were due to hydroclimate variation 

rather than nutrient mobilization or other biogeochemical shifts that would drive increases or 

decreases in nutrient concentration.  

While the effects of climate are broad-reaching, individual rivers may vary in their 

hydrologic and biogeochemical responses to climate due to the spatial heterogeneity landscapes, 

which filter the effects of broad-scale processes like climate on river ecosystems (Cline et al., 

2020; Jankowski et al., 2014; Lisi et al., 2015). When examining the river responses to regional 
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and macro-scale climate drivers through a more localized lens in Chapter 1 and 2, I found that 

watershed-scale variation in topography exerted strong control over the responses of Puget 

Sound river nutrient dynamics to hydroclimatic change. Specifically, I found variation in the 

response of river nutrient yields, concentrations, and isotopic compositions to seasonal and 

decadal-scale climate variables was explained by one simple topographic feature, watershed 

slope. This demonstrates that while climate exerts dominance over temporal patterns in Puget 

Sound river nutrient dynamics, watershed-scale variation in topography integrates landscape and 

climate variation to provide the clearest image of river hydrologic and biogeochemical responses 

to climatic change. Ultimately, this shows in the Puget Sound Basin, climate and the physical 

environment (in contrast to land use and land cover) interact to dominate spatiotemporal 

variation in river nutrient biogeochemistry and are primary controls of nutrients entering and 

leaving rivers to the coastal environment.  

The strong relationships found between the Puget Sound river nutrient climate 

sensitivities and watershed slope also have broader implications for management in other human-

influenced, mountainous regions. Findings from Chapter 1 and 2 show that NO3
– yields from 

rivers draining lower sloped watersheds were most sensitive to the seasonal pulse of 

precipitation, while rivers draining steeper slopes are more likely to lose seasonality complexity 

in their DIN and DIP exports as snowpack diminishes under a warmer climate. These 

relationships build on previous work from more pristine mountainous regions that highlight 

watershed slope as a master predictor of physical and biogeochemical processes, ultimately 

modifying the response of river ecosystem function to climate (Cline et al., 2020; Connolly et al., 

2018b; Harms et al., 2016; Jankowski et al., 2014; Jankowski & Schindler, 2019; Lisi et al., 

2015; Smits et al., 2017). However, here, I relate watershed slope to river nutrient transport in a 
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human-dominated landscape, providing a reasonable framework with which to predict future 

biogeochemical change in mountainous regions with increasing human activity. This suggests 

that topographic features, such as watershed slope, could be used to improve future scenarios of 

river N and P transport in other regions, aiding river nutrient management and coastal modeling 

efforts in the context of future climate and anthropogenic change. 

The forested landscape as a key contributor to seasonal N exports in a human-influenced, 

mountainous region: 

The use of stable isotopes in river biogeochemical studies show that river NO3
– 

concentrations and transport are driven by a diversity of natural and anthropogenically derived N 

sources, which can vary temporally and across watersheds (Bostic et al., 2022; Briand et al., 

2017; Rose et al., 2015). My dissertation research elucidates those sources in a spatially and 

hydrologically complex region, supporting recent work showing the transfer of NO3
– from 

watersheds to rivers is largely driven by hydrologic connections with different NO3
– source 

compartments (e.g., soils, groundwater, see Briand et al., 2017). In Chapter 1, I demonstrate that 

during the winter months, when river NO3
– concentrations and yields are high, δ15N-NO3

– values 

broadly deplete across the Puget Sound Basin rivers, reflecting soil N and microbial nitrification 

sources of NO3
– (including chemical fertilizers and rain-derived NH4

+) (Kendall et al., 2007). In 

Chapter 3, I expand on this finding by comparing δ15N-NO3
– values between downstream and 

upstream river sampling stations, the context of which identifies soil N from upland forests as a 

dominant contributor of winter river NO3
– delivery. Although we cannot completely discount 

human derived NO3
– sources (lower gradient rivers with increased human activity were still 

enriched in the winter relative to rivers draining steeper, more forested watersheds), findings 
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from these two chapters underscores the significance of forested landscapes as seasonal 

contributors to river NO3
– exports and downstream coastal water quality. This has relevance to 

managers tasked with targeting sources of N pollution within the broader Puget Sound region, 

suggesting that, when rivers are most hydrologically connected to the Puget Sound estuary, a 

substantial proportion of riverine NO3
– exports to the coastal environment are of natural origin, 

rather than from urban development or agricultural activity. 

Findings from this dissertation are from a broad, regional-scale lens: 

While the Puget Sound Basin is a spatially and hydrologically complex region, the 

individual watersheds within it are also heterogeneous and vary internally in their geomorphic 

features and land use composition. By studying the Puget Sound watersheds at the regional scale, 

my dissertation research inevitably masked some of this internal river and watershed 

heterogeneity. However, a key challenge in the future will be to manage our watersheds for the 

differential and interacting effects of climate and land use change. In reality, most management 

decisions are made at the watershed scale, which could benefit from localized, spatially targeted 

management efforts (Isaak et al., 2017). Further, a consistent challenge in drawing conclusions 

from my dissertation research was the confounding effects of watershed topography and human 

activity in the Puget Sound Basin, as watershed slope and land use cover were highly colinear 

across my study watersheds. River nutrient management in the Puget Sound Basin, as well as in 

other human-influenced, mountainous regions, would benefit from future river biogeochemical 

research that seeks to untangle these confounding controls, but within a local, watershed-scale 

context. This would further enhance our understanding of the different landscape properties that 

retain or release nutrient pollution to rivers, thereby informing where and how management 



118 
 

efforts should be focused. While my dissertation chapters expand our understanding of climate 

and physical controls on river nutrient source and transport across the Puget Sound Basin, 

findings from my research are ultimately a matter of scale, underscoring the importance of scale 

in ecology and the need to consider study grain and extent in designing future river research 

endeavors (Levin, 1992).  
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Chapter 1 Appendix 

Supplementary Table 1. AICc (Akaike Information Criterion), number of trends and number of 

parameters for all NO3 yield model structures considered comparing number of shared trends (Z 

matrices) and process error models (Q matrices).  

 

Model (Z) 
# 

Trends 
Q matrix Log likelihood AICc 

# of 

parameters 
ΔAICc 

Mountain 2 equal var-covar -68.7 147.6 5 0 

Mountain 2 unconstrained -67.9 148.2 6 0.6 

Geomorphology 3 unconstrained -67.8 156.3 10 8.7 

Geomorphology 3 equal var-covar -75.4 163.1 6 15.5 

Land use 3 unconstrained -76.5 173.8 10 26.2 

Land use 3 equal var-covar -81.8 175.9 6 28.3 

Mountain 2 diagonal and equal -84.0 176.1 4 28.5 

Mountain 2 diagonal and unequal -83.8 177.8 5 30.2 

Basin 1 diagonal and equal -90.7 187.4 3 39.8 

Basin 1 diagonal and unequal -90.7 187.4 3 39.8 

Basin 1 equal var-covar -90.7 187.4 3 39.8 

Basin 1 unconstrained -90.7 187.4 3 39.8 

Watershed 13 equal var-covar -90.8 215.5 16 67.9 

Geomorphology 3 diagonal and equal -113.6 237.4 5 89.8 

Geomorphology 3 diagonal and unequal -113.3 240.9 7 93.3 

Land use 3 diagonal and equal -123.7 257.7 5 110.1 

Land use 3 diagonal and unequal -123.5 261.3 7 113.7 

Watershed 13 unconstrained 24.5 269.1 105 121.5 

Watershed 13 diagonal and equal -271.6 574.9 15 427.3 

Watershed 13 diagonal and unequal -269.1 597.5 27 449.8 
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Supplementary Table 2. AICc (Akaike Information Criterion), number of trends and number of 

parameters for all NO3 concentration model structures considered comparing number of shared 

trends (Z matrices) and process error models (Q matrices).  

 

Model (Z) 
# 

Trends 
Q matrix Log likelihood AICc 

# of 

parameters 
ΔAICc 

Mountain 2 equal var-covar -331.3 672.7 5 0 

Mountain 2 unconstrained -331.3 674.8 6 2.1 

Geomorphology 3 unconstrained -327.6 676.0 10 3.2 

Mountain 2 diagonal and equal -334.2 676.6 4 3.9 

Mountain 2 diagonal and unequal -334.2 678.7 5 6.0 

Geomorphology 3 equal var-covar -335.8 683.8 6 11.1 

Land use 3 equal var-covar -338.7 689.8 6 17.1 

Basin 1 diagonal and equal -342.1 690.3 3 17.6 

Basin 1 diagonal and unequal -342.1 690.3 3 17.6 

Basin 1 equal var-covar -342.1 690.3 3 17.6 

Basin 1 unconstrained -342.1 690.3 3 17.6 

Land use 3 unconstrained -334.8 690.4 10 17.7 

Geomorphology 3 diagonal and equal -345.7 701.6 5 28.9 

Geomorphology 3 diagonal and unequal -345.4 705.2 7 32.5 

Land use 3 diagonal and equal -351.1 712.4 5 39.7 

Land use 3 diagonal and unequal -350.8 716.1 7 43.3 

Watershed 13 equal var-covar -342.3 718.4 16 45.7 

Watershed 13 unconstrained -240.6 802.4 105 129.7 

Watershed 13 diagonal and equal -393.0 817.7 15 145.0 

Watershed 13 diagonal and unequal -384.4 828.3 27 155.5 
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Supplementary Table 3. AICc (Akaike Information Criterion), number of trends and number of 

parameters for all δ15N model structures considered comparing number of shared trends (Z 

matrices) and process error models (Q matrices).  

 

Model (Z) 
# 

Trends 
Q matrix Log likelihood AICc 

# of 

parameters 
ΔAICc 

Mountain 2 unconstrained -360.4 733.0 6 0 

Mountain 2 diagonal and unequal -362.2 734.6 5 1.6 

Mountain 2 diagonal and equal -365.0 738.1 4 5.1 

Mountain 2 equal var-covar -364.4 738.9 5 5.9 

Geomorphology 3 unconstrained -360.3 741.3 10 8.3 

Basin 1 diagonal and equal -371.3 748.6 3 15.6 

Basin 1 diagonal and unequal -371.3 748.6 3 15.6 

Basin 1 equal var-covar -371.3 748.6 3 15.6 

Basin 1 unconstrained -371.3 748.6 3 15.6 

Geomorphology 3 equal var-covar -370.2 752.8 6 19.8 

Land use 3 equal var-covar -371.6 755.4 6 22.4 

Land use 3 unconstrained -369.1 758.9 10 25.9 

Geomorphology 3 diagonal and unequal -373.3 760.9 7 27.9 

Geomorphology 3 diagonal and equal -376.5 763.2 5 30.2 

Watershed 13 equal var-covar -371.5 776.9 16 43.9 

Land use 3 diagonal and equal -384.7 779.6 5 46.7 

Land use 3 diagonal and unequal -384.4 783.2 7 50.2 

Watershed 13 diagonal and equal -412.0 855.7 15 122.7 

Watershed 13 diagonal and unequal -410.6 880.8 27 147.8 

Watershed 13 unconstrained -315.1 953.2 105 220.2 
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Supplementary Table 4. AICc (Akaike Information Criterion), number of trends and number of 

parameters for all δ18O model structures considered comparing number of shared trends (Z 

matrices) and process error models (Q matrices).  

 

Model (Z) 
# 

Trends 
Q matrix 

Log 

likelihood 
AICc 

# of 

parameters 
ΔAICc 

Mountain 2 equal var-covar -372.7 755.6 5 0 

Mountain 2 diagonal and equal -374.4 757.0 4 1.4 

Mountain 2 unconstrained -372.6 757.5 6 1.9 

Mountain 2 diagonal and unequal -374.3 758.9 5 3.2 

Geomorphology 3 equal var-covar -376.3 764.9 6 9.3 

Geomorphology 3 unconstrained -372.6 766.0 10 10.3 

Land use 3 unconstrained -374.2 769.2 10 13.5 

Basin 1 diagonal and equal -381.8 769.8 3 14.1 

Basin 1 diagonal and unequal -381.8 769.8 3 14.1 

Basin 1 equal var-covar -381.8 769.8 3 14.1 

Basin 1 unconstrained -381.8 769.8 3 14.1 

Land use 3 equal var-covar -379.9 772.2 6 16.5 

Geomorphology 3 diagonal and equal -383.6 777.5 5 21.8 

Geomorphology 3 diagonal and unequal -383.3 780.9 7 25.3 

Land use 3 diagonal and equal -386.7 783.6 5 28.0 

Land use 3 diagonal and unequal -385.9 786.2 7 30.5 

Watershed 13 equal var-covar -382.6 799.1 16 43.5 

Watershed 13 diagonal and equal -415.3 862.2 15 106.6 

Watershed 13 diagonal and unequal -413.2 885.8 27 130.2 

Watershed 13 unconstrained -329.2 981.3 105 225.7 
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Supplementary Table 5. AICc (Akaike Information Criterion) values for the top twenty models 

considering the effects of covariates on watershed-specific NO3 yield trends. “Scale of effect” 

column indicates whether the covariate effect size (i.e., the C coefficient) was shared among all 

rivers within the basin, within each mountain range, among rivers of similar land use, among 

rivers with similar geomorphic features, or for each watershed individually. The null model does 

not include covariates. 

 

  

Covariate Scale of effect Q matrix 
Log 

likelihood 
AICc 

# of 

parameters 
ΔAICc 

Precipitation Mountain equal var-covar -67.6 173.5 18 0 

Precipitation Geomorphology equal var-covar -66.9 174.3 19 0.8 

Precipitation Land use equal var-covar -67.6 175.8 19 2.2 

Temperature Mountain equal var-covar -72.5 183.3 18 9.8 

Temperature Geomorphology equal var-covar -72.1 184.8 19 11.3 

Precipitation Basin equal var-covar -75.4 186.9 17 13.4 

Precipitation Watershed equal var-covar -62.1 188.3 29 14.8 

Temperature Watershed equal var-covar -68.8 201.8 29 28.3 

Temperature Land use equal var-covar -81.2 203.0 19 29.5 

Snowmelt Mountain equal var-covar -86.4 211.2 18 37.6 

Snowmelt Geomorphology equal var-covar -86.0 212.7 19 39.1 

Null Null equal var-covar -90.8 215.5 16 42.0 

Snowmelt Basin equal var-covar -90.8 217.7 17 44.2 

Temperature Basin equal var-covar -91.0 218.0 17 44.5 

Snowmelt Land use equal var-covar -89.2 219.1 19 45.6 

SPI Basin equal var-covar -93.3 222.6 17 49.1 

SPI Mountain equal var-covar -92.1 222.6 18 49.1 

SPI Geomorphology equal var-covar -92.1 224.9 19 51.3 

SPI Land use equal var-covar -92.5 225.6 19 52.1 

SPI Watershed equal var-covar -82.3 228.8 29 55.3 
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Supplementary Table 6. AICc (Akaike Information Criterion) values for the top twenty models 

considering the effects of covariates on watershed-specific NO3 concentration trends. “Scale of 

effect” column indicates whether the covariate effect size (i.e., the C coefficient) was shared 

among all rivers within the basin, within each mountain range, among rivers of similar land use, 

among rivers with similar geomorphic features, or for each watershed individually. The null 

model does not include covariates. 

 

 

  

Covariate Scale of effect Q matrix 
Log 

likelihood 
AICc 

# of 

parameters 
ΔAICc 

Precipitation Mountain equal var-covar -324.7 687.7 18 0 

Temperature Mountain equal var-covar -324.9 688.3 18 0.5 

Temperature Geomorphology equal var-covar -324.5 689.6 19 1.9 

Precipitation Geomorphology equal var-covar -324.7 690.0 19 2.3 

Temperature Watershed equal var-covar -313.3 691.0 29 3.2 

Precipitation Watershed equal var-covar -314.9 694.1 29 6.4 

Q𝑠𝑙𝑜𝑤 Geomorphology equal var-covar -332.3 705.2 19 17.5 

Q𝑠𝑙𝑜𝑤 Mountain equal var-covar -333.7 705.7 18 18.0 

Snowmelt Mountain equal var-covar -335.5 709.5 18 21.7 

Snowmelt Geomorphology equal var-covar -335.2 711.0 19 23.3 

Temperature Land use equal var-covar -335.4 711.5 19 23.8 

Q𝑠𝑙𝑜𝑤 Land use equal var-covar -336.2 713.1 19 25.4 

Precipitation Land use equal var-covar -337.2 715.1 19 27.4 

Snowmelt Basin equal var-covar -339.9 715.9 17 28.2 

Snowmelt Land use equal var-covar -338.0 716.6 19 28.8 

Q𝑞𝑢𝑖𝑐𝑘 Mountain equal var-covar -339.5 717.3 18 29.6 

Q𝑠𝑙𝑜𝑤 Basin equal var-covar -341.0 718.0 17 30.3 

Null Null equal var-covar -342.3 718.4 16 30.7 

Precipitation Basin equal var-covar -341.4 719.0 17 31.2 

Temperature Basin equal var-covar -341.6 719.3 17 31.6 
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Supplementary Table 7. AICc (Akaike Information Criterion) values for the top twenty models 

considering the effects of covariates on watershed-specific δ15N trends. “Scale of effect” column 

indicates whether the covariate effect size (i.e., the C coefficient) was shared among all rivers 

within the basin, within each mountain range, among rivers of similar land use, among rivers 

with similar geomorphic features, or for each watershed individually. The null model does not 

include covariates. 

 

 

 

  

Covariate Scale of effect Q matrix 
Log 

likelihood 
AICc 

# of 

parameters 
ΔAICc 

Q𝑞𝑢𝑖𝑐𝑘 Mountain equal var-covar -362.7 763.8 18 0 

Q𝑞𝑢𝑖𝑐𝑘 Geomorphology equal var-covar -362.5 765.7 19 1.9 

Q𝑞𝑢𝑖𝑐𝑘 Watershed equal var-covar -351.2 766.7 29 3.0 

Q𝑞𝑢𝑖𝑐𝑘 Basin equal var-covar -366.0 768.2 17 4.5 

Precipitation Mountain equal var-covar -366.0 770.5 18 6.7 

Precipitation Geomorphology equal var-covar -365.8 772.3 19 8.6 

Q𝑞𝑢𝑖𝑐𝑘 Land use equal var-covar -365.9 772.5 19 8.7 

Precipitation Basin equal var-covar -369.8 775.8 17 12.1 

Null Null equal var-covar -371.5 776.9 16 13.1 

Precipitation Watershed equal var-covar -356.7 777.7 29 14.0 

SPI Basin equal var-covar -370.9 778.0 17 14.3 

Temperature Basin equal var-covar -371.2 778.6 17 14.9 

Snowmelt Basin equal var-covar -371.4 779.0 17 15.3 

Q𝑠𝑙𝑜𝑤 Basin equal var-covar -371.5 779.1 17 15.3 

SPI Mountain equal var-covar -370.5 779.3 18 15.6 

Precipitation Land use equal var-covar -369.4 779.4 19 15.6 

Q𝑠𝑙𝑜𝑤 Land use equal var-covar -369.6 779.9 19 16.2 

Temperature Land use equal var-covar -369.7 780.0 19 16.3 

Snowmelt Geomorphology equal var-covar -369.9 780.4 19 16.7 

Temperature Mountain equal var-covar -371.2 780.8 18 17.0 
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Supplementary Table 8. AICc (Akaike Information Criterion) values for the top twenty models 

considering the effects of covariates on watershed-specific δ18O trends. “Scale of effect” 

column indicates whether the covariate effect size (i.e., the C coefficient) was shared among all 

rivers within the basin, within each mountain range, among rivers of similar land use, among 

rivers with similar geomorphic features, or for each watershed individually. The null model does 

not include covariates. 

 

 

  

Covariate Scale of effect Q matrix 
Log 

likelihood 
AICc 

# of 

parameters 
ΔAICc 

Snowmelt Mountain equal var-covar -369.8 777.9 18 0 

Snowmelt Geomorphology equal var-covar -369.7 780.1 19 2.2 

Q𝑞𝑢𝑖𝑐𝑘 Geomorphology equal var-covar -372.1 784.8 19 6.9 

Q𝑞𝑢𝑖𝑐𝑘 Mountain equal var-covar -373.6 785.6 18 7.7 

Q𝑞𝑢𝑖𝑐𝑘 Watershed equal var-covar -362.0 788.4 29 10.5 

SPI Basin equal var-covar -377.7 791.5 17 13.5 

Precipitatoin Mountain equal var-covar -377.1 792.6 18 14.7 

SPI Basin equal var-covar -376.1 792.9 19 15.0 

Q𝑠𝑙𝑜𝑤 Mountain equal var-covar -377.5 793.4 18 15.5 

Q𝑠𝑙𝑜𝑤 Geomorphology equal var-covar -376.5 793.7 19 15.8 

SPI Mountain equal var-covar -377.7 793.7 18 15.8 

Q𝑞𝑢𝑖𝑐𝑘 Land use equal var-covar -376.8 794.4 19 16.4 

Precipitatoin Geomorphology equal var-covar -376.9 794.4 19 16.5 

SPI Geomorphology equal var-covar -377.6 796.0 19 18.0 

Q𝑞𝑢𝑖𝑐𝑘 Basin equal var-covar -380.6 797.3 17 19.3 

Temperature Mountain equal var-covar -379.8 798.0 18 20.0 

Null Null equal var-covar -382.6 799.1 16 21.2 

Temperature Geomorphology equal var-covar -379.4 799.4 19 21.5 

Q𝑠𝑙𝑜𝑤 Land use equal var-covar -379.5 799.7 19 21.8 

Temperature Basin equal var-covar -382.1 800.3 17 22.4 
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Supplementary Figure 1. Monthly NO3
– yield estimates plotted alongside the observed monthly 

hydrograph for each river of study. Green points represent NO3
– yields from the Cascade Range 

rivers. Purple points represent NO3
– yields from the Olympic Mountain rivers. NO3

– yields were 

calculated using the linear composite method in the LOADFLEX package(Appling et al., 2015) 

and are expressed as a monthly rate in units of kg km-2 day-1. Blue lines represent each individual 

river’s mean monthly discharge. 

 

 

  



128 
 

Supplementary Figure 2. Monthly NO3
– concentration values plotted alongside the observed 

monthly hydrograph for each river of study. Green points represent NO3
– concentration values 

from the Cascade Range rivers. Purple points represent NO3
– concentration values from the 

Olympic Mountain rivers.  Blue lines represent each individual river’s mean monthly discharge. 
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Supplementary Figure 3. Monthly δ15N-NO3
– values plotted alongside the observed monthly 

hydrograph for each river of study. Green points represent δ15N-NO3
– values from the Cascade 

Range rivers. Purple points represent δ15N-NO3
– values from the Olympic Mountain rivers. 

Blue lines represent each individual river’s mean monthly discharge. 
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Supplementary Figure 4. Monthly δ18O-NO3
– values plotted alongside the observed monthly 

hydrograph for each river of study. Green points represent δ18O-NO3
– values from the Cascade 

Range rivers. Purple points represent δ18O-NO3
– values from the Olympic Mountain rivers. 

Blue lines represent each individual river’s mean monthly discharge. 
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Supplementary Note 1. Calculation of seasonal and event-scale flow using a recursive 

digital filter. 

In hydrology, it is common to separate river discharge hydrographs into two components: quick 

flow and baseflow(H. P. Duncan, 2019; Ladson et al., 2013; Nathan & McMahon, 1990; Xie et 

al., 2020). Baseflow is the slowest decaying, longest lasting component of the river hydrograph. 

It is usually associated with delayed water inputs or groundwater processes, and depicts the slow, 

seasonal pulse of river discharge(H. P. Duncan, 2019; Tallaksen, 1995). Quick flow instead 

represents the “flashy” component of the hydrograph and describes a combination of runoff and 

interflow though the vadose zone during storm events(Minaudo et al., 2019; Tallaksen, 1995). 

We included metrics of both discharge components as potential predictors in our MARSS 

analysis. By doing so, we hoped to reveal the role of flashy, event-scale flow vs. the sustained, 

seasonal pulse of river discharge in driving river NO3
– variation. 

To separate quick flow and baseflow, we obtained, and applied the Lyne and Hollick method 

(LH method) to each river hydrograph, a widely used recursive digital filter for baseflow 

separation(Lyne & Hollick, 1979). The LH method estimates quick flow using the following 

equation: 

𝑄𝑞(𝑖) =  𝛼𝑄𝑞(𝑖−1) +  
1+ 𝛼

2
 (𝑄(𝑖) −  𝑄(𝑖−1)) for 𝑄𝑞(𝑖) ≥ 0 

where Qq is the quick flow at time i, Q is the original river flow at time i, and α (a recession 

constant) is the filter parameter that dictates the shape of the separation. Baseflow (Qb) is 

subsequently calculated as: 

𝑄𝑏(𝑖) = 𝑄(𝑖) − 𝑄𝑞(𝑖) 
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Following Nathan and McMahon (1990) and others(Ladson et al., 2013; Minaudo et al., 2019; 

Xie et al., 2020), we set the filter parameter to 0.925 and applied the digital recursive filter to 

each river hydrograph with three passes. This gave us a daily value for the quick flow and 

baseflow components of the hydrograph, represented in Supplementary Figure 5.  

To include metrics of storm-event and seasonal-scale flow as predictors in our time series 

models, we converted the daily quick flow and baseflow values to monthly time steps. Previous 

work has shown that discharge lags precipitation events, roughly capturing an antecedent 

window of 24 to 72 hours(McGuire & McDonnell, 2006; Wilusz et al., 2017). To preserve the 

scale of individual storm events, we included quick flow as the raw daily value specific to the 

sample date (referred to in this paper as 𝑄𝑞𝑢𝑖𝑐𝑘). To capture the slower, seasonal scale of river 

discharge, we calculated baseflow as the previous week sum of daily river baseflow values 

(referred to in this paper as 𝑄𝑠𝑙𝑜𝑤). It is worth noting that we also considered including previous 

monthly or two-week sums as our 𝑄𝑠𝑙𝑜𝑤 metric. However, we found that this artificially lagged 

the seasonal curve forward, past actual values of raw daily discharge.  
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Supplementary Figure 5. Daily discharge hydrographs in m3/s for each river of study with the 

calculated flow components represented by color. Estimated daily quick flow values for each 

river are represented in red. Estimated daily baseflow values are represented in blue.  
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Chapter 2 Appendix 

Supplementary Figure 1. Average monthly discharge (m3 s-1) plotted through time for each 

river of study.  

 

  



135 
 

 

Supplementary Figure 2. Observed monthly DIN concentrations (mg L-1) plotted through time 

for each river of study.  
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Supplementary Figure 3. Monthly DIN yield estimates plotted through time for each river of 

study. DIN yields were calculated using Weighted Regression on Time, Discharge, and Season 

model with the Kalman filter (WRTDS-K) in the EGRET R package (Hirsch et al., 2023) and are 

expressed as a monthly rate in units of kg km-2 day-1.  
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Supplementary Figure 4. Observed monthly DIP concentrations (mg L-1) plotted through time 

for each river of study.  
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Supplementary Figure 5. Monthly DIP yield estimates plotted through time for each river of 

study. DIP yields were calculated using Weighted Regression on Time, Discharge, and Season 

model with the Kalman filter (WRTDS-K) in the EGRET R package (Hirsch et al., 2023) and are 

expressed as a monthly rate in units of kg km-2 day-1.  
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Supplementary Figure 6. DIN:DIP molar ratio plotted through time for each river of study. The 

red dashed line represents the Redfield ratio of 16:1 (N:P), which is mostly applicable to marine 

waters (Redfield, 1958). The blue dashed line represents a proposed ratio of 25:1 for freshwaters 

(Maranger et al., 2018). 
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Supplemental Table 1. Linear correlations between original variables and the principal 

component scores (vector loadings). Correlations above 0.5 are highlighted in bold. 

 

River and watershed variables PC1 (61.1% variation) PC2 (23.9% variation) 

Watershed slope 0.96 0.07 

Watershed area 0.35 -0.81 

Watershed elevation 0.93 -0.27 

% Ice 0.42 -0.86 

% Agriculture -0.84 -0.40 

% Forested 0.76 0.47 

% Wetland -0.92 -0.23 

% Urban -0.84 0.09 
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Supplementary Table 2. AICc (Akaike Information Criterion) values for all six response 

variable models structures considered comparing shared or independent states (Z matrices) and 

process error correlations (Q matrices). 

 

River discharge 

Shared or 

 independent state 
Q matrix Log likelihood AICc # of parameters ΔAICc 

Independent equal variance covariance -1697.7 3932.3 256 0 

Independent diagonal and equal -1712.28 3959.2 255 27.0 

Shared  -1859.06 4224.3 242 292.0 

Dissolved inorganic nitrogen 

Shared or 

 independent state 
Q matrix Log likelihood AICc # of parameters ΔAICc 

Independent equal variance covariance -4419.9 9378.6 256 0.0 

Independent diagonal and equal -4429.9 9396.3 255 17.7 

Shared  -4704.8 9917.3 242 538.7 

DIN yield 

Shared or  

independent state 
Q matrix Log likelihood AICc # of parameters ΔAICc 

Independent equal variance covariance -1030.5 2599.7 256 0 

Independent diagonal and equal -1035.7 2607.8 255 8.1 

Shared  -1398.2 3304.2 242 704.5 

Dissolved inorganic phosphorus 

Shared or  

independent state 
Q matrix Log likelihood AICc # of parameters ΔAICc 

Independent equal variance covariance -3841.7 8238.0 256 0 

Independent diagonal and equal -3849.4 8251.0 255 13.0 

Shared  -3866.2 8254.4 242 16.4 

DIP yield 

Shared or  

independent state 
Q matrix Log likelihood AICc # of parameters ΔAICc 

Independent diagonal and equal -1508.4 3569.0 255 0 

Independent equal variance covariance -1507.7 3570.0 256 1.0 

Shared  -1631.5 3784.8 242 215.8 

DIN:DIP ratio 

Shared or  

independent state 
Q matrix Log likelihood AICc # of parameters ΔAICc 

Independent equal variance covariance -3245.82 7046.837 256 0 

Independent diagonal and equal -3260.63 7074.112 255 27.3 

Shared  -3277.34 7077.107 242 30.3 
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Supplementary Table 3. AICc (Akaike Information Criterion) values for the models 

considering the effects of climate covariates on river discharge. All models include a fixed 

effect of month to deal with the high autocorrelative nature of our monthly time series. The null 

model does not include climate covariates but does include the fixed effect of month. 

 

Model covariates Log likelihood AICc # of parameters ΔAICc 

Precipitation, 4-Season PDO -1697.7 3932.3 256 0 

Precipitation, 3-Season PDO -1722.4 3951.0 242 18.8 

Precipitation, 4-Season MEI -1745.0 4026.9 256 94.6 

Precipitation, PDO -1798.2 4041.7 214 109.5 

Precipitation, 3-Season MEI -1778.6 4063.3 242 131.1 

Precipitation -1826.4 4067.8 200 135.5 

Precipitation, MEI -1818.6 4082.4 214 150.2 

Temperature, 4-Season PDO -2151.3 4839.5 256 907.3 

Temperature, 3-Season PDO -2166.8 4839.7 242 907.4 

Temperature, PDO -2221.1 4887.4 214 955.1 

Temperature -2246.7 4908.4 200 976.1 

Temperature, 4-Season MEI -2185.9 4908.7 256 976.5 

Temperature, MEI -2240.8 4926.9 214 994.6 

Temperature, 3-Season MEI -2211.4 4928.9 242 996.7 

PDO -2317.5 5050.0 200 1117.7 

Null -2354.8 5094.6 186 1162.3 

MEI -2348.0 5110.9 200 1178.7 
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Supplementary Table 4. AICc (Akaike Information Criterion) values for the models 

considering the effects of covariates on dissolved inorganic nitrogen (DIN). All models include 

a fixed effect of month to deal with the high autocorrelative nature of our monthly time series. 

The null model does not include climate covariates but does include the fixed effect of month. 

 

Model covariates Log likelihood AICc # of parameters ΔAICc 

Precipitation, 3-Season PDO -4427.3 9362.3 242 0 

Precipitation, 4-Season PDO -4419.9 9378.6 256 16.3 

Precipitation, 4-Season SEAS -4482.2 9380.5 200 18.2 

Precipitation, 3-Season MEI -4438.4 9384.7 242 22.4 

Precipitation, MEI -4473.5 9393.5 214 31.2 

Precipitation, PDO -4474.4 9395.3 214 33.0 

Precipitation, 4-Season MEI -4428.4 9395.5 256 33.2 

Discharge, 3-Season PDO -4457.1 9422.0 242 59.7 

Discharge -4503.8 9423.8 200 61.5 

Discharge, 3-Season MEI -4461.6 9430.9 242 68.6 

Discharge, MEI -4495.8 9438.1 214 75.7 

Discharge, 4-Season PDO -4451.0 9440.6 256 78.3 

Discharge, 4-Season MEI -4452.2 9443.0 256 80.7 

Discharge, PDO -4498.3 9443.1 214 80.8 

Temperature, 3-Season PDO -4505.9 9519.5 242 157.2 

Temperature, 3-Season MEI -4510.9 9529.5 242 167.2 

Temperature -4556.8 9529.7 200 167.4 

Temperature, 4-Season PDO -4496.9 9532.4 256 170.1 

Temperature, 4-Season MEI -4500.5 9539.7 256 177.4 

Temperature, MEI -4547.6 9541.8 214 179.5 

Temperature, PDO -4549.4 9545.3 214 183.0 

Null -4579.9 9545.8 186 183.5 

MEI -4570.8 9557.7 200 195.4 

PDO -4572.3 9560.7 200 198.4 
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Supplementary Table 5. AICc (Akaike Information Criterion) values for the models 

considering the effects of covariates on DIN yield. All models include a fixed effect of month to 

deal with the high autocorrelative nature of our monthly time series. The null model does not 

include climate covariates but does include a fixed effect of month. 

 

Model covariates Log likelihood AICc # of parameters ΔAICc 

Precipitation, 3-Season PDO -1045.6 2599.0 242 0 

Precipitation, 4-Season PDO -1030.5 2599.7 256 0.7 

Precipitation -1122.9 2661.8 200 62.8 

Precipitation, PDO -1108.8 2664.1 214 65.1 

Precipitation, MEI -1117.0 2680.6 214 81.6 

Precipitation, 4-Season MEI -1074.8 2688.2 256 89.2 

Precipitation, 3-Season MEI -1092.2 2692.2 242 93.2 

Temperature, 3-Season PDO -1366.1 3239.8 242 640.8 

Temperature, 4-Season PDO -1354.6 3247.9 256 648.9 

Temperature, PDO -1424.9 3296.2 214 697.2 

Temperature -1440.8 3297.8 200 698.7 

Temperature, MEI -1435.7 3317.9 214 718.9 

Temperature, 3-Season MEI -1406.0 3319.8 242 720.8 

Temperature, 4-Season MEI -1391.7 3322.1 256 723.1 

PDO -1471.9 3359.8 200 760.8 

Null -1493.7 3373.3 186 774.3 

MEI -1488.6 3393.4 200 794.4 
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Supplementary Table 6. AICc (Akaike Information Criterion) values for the models 

considering the effects of covariates on dissolved inorganic phosphorus (DIP). All models 

include a fixed effect of month to deal with the high autocorrelative nature of our monthly time 

series. The null model does not include climate covariates but does include a fixed effect of 

month. 

 

Model covariates Log likelihood AICc # of parameters ΔAICc 

Precipitation, PDO -3875.7 8208.8 214 0 

Precipitation -3892.8 8211.1 200 2.4 

Discharge, PDO -3878.2 8213.8 214 5.1 

Discharge -3894.3 8214.2 200 5.4 

Precipitation, 3-Season PDO -3849.7 8221.3 242 12.6 

Discharge, 3-Season PDO -3853.5 8229.0 242 20.3 

Precipitation, MEI -3888.5 8234.5 214 25.7 

Precipitation, 4-Season PDO -3841.7 8238.0 256 29.3 

Discharge, MEI -3890.3 8238.0 214 29.3 

Discharge, 4-Season PDO -3845.6 8245.9 256 37.1 

Null -3933.8 8261.7 186 53.0 

PDO -3918.3 8262.3 200 53.5 

Precipitation, 3-Season MEI -3873.9 8269.8 242 61.0 

Temperature -3922.3 8270.2 200 61.5 

Discharge, 3-Season MEI -3874.9 8271.8 242 63.1 

Temperature, PDO -3910.6 8278.6 214 69.8 

Precipitation, 4-Season MEI -3863.1 8280.9 256 72.2 

Discharge, 4-Season MEI -3863.7 8282.0 256 73.2 

MEI -3929.2 8284.0 200 75.3 

Temperature, 3-Season PDO -3883.9 8289.8 242 81.0 

Temperature, MEI -3918.6 8294.6 214 85.9 

Temperature, 4-Season PDO -3875.9 8306.5 256 97.7 

Temperature, 3-Season MEI -3903.5 8329.0 242 120.3 

Temperature, 4-Season MEI -3894.3 8343.2 256 134.4 
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Supplementary Table 7. AICc (Akaike Information Criterion) values for the models 

considering the effects of covariates on DIP yield. All models include a fixed effect of month to 

deal with the high autocorrelative nature of our monthly time series. The null model does not 

include climate covariates but does include a fixed effect of month. 

Model covariates Log likelihood AICc # of parameters ΔAICc 

Precipitation, 3-Season PDO -1522.2 3566.3 242 0 

Precipitation, 4-Season PDO -1507.7 3570.0 256 3.7 

Precipitation, 4-Season MEI -1540.6 3635.7 256 69.3 

Precipitation, PDO -1592.2 3641.8 214 75.4 

Precipitation, 3-Season MEI -1561.0 3643.9 242 77.6 

Precipitation -1616.7 3659.0 200 92.7 

Precipitation, MEI -1605.3 3668.0 214 101.7 

Temperature, 3-Season PDO -1732.4 3986.6 242 420.3 

Temperature, 4-Season PDO -1720.7 3996.0 256 429.6 

Temperature, PDO -1795.8 4048.9 214 482.6 

Temperature, 4-Season MEI -1751.3 4057.1 256 490.8 

Temperature, 3-Season MEI -1768.2 4058.2 242 491.8 

Temperature -1817.7 4060.9 200 494.5 

Temperature, MEI -1808.6 4074.6 214 508.3 

PDO -1828.9 4083.3 200 516.9 

Null -1862.1 4118.3 186 551.9 

MEI -1850.6 4126.7 200 560.4 
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Supplementary Table 8. AICc (Akaike Information Criterion) values for the models 

considering the effects of covariates on DIN:DIP ratios. All models include a fixed effect of 

month to deal with the high autocorrelative nature of our monthly time series. The null model 

does not include climate covariates but does include a fixed effect of month. 

Model covariates Log likelihood AICc # of parameters ΔAICc 

Precipitation -3303.5 7032.9 200 0 

Precipitation, 3-Season PDO -3256.0 7034.5 242 1.6 

Discharge -3310.0 7045.8 200 12.9 

Precipitation, 4-Season PDO -3245.8 7046.8 256 13.9 

Precipitation, PDO -3295.7 7049.2 214 16.3 

Precipitation, MEI -3296.5 7050.9 214 18.0 

Discharge, 3-Season PDO -3267.1 7056.6 242 23.7 

Precipitation, 3-Season MEI -3268.7 7059.9 242 27.0 

Precipitation, 4-Season MEI -3253.7 7062.6 256 29.8 

Discharge, MEI -3303.9 7065.7 214 32.8 

Discharge, PDO -3304.8 7067.4 214 34.5 

Discharge, 4-Season PDO -3256.7 7068.5 256 35.6 

Discharge, 3-Season MEI -3277.5 7077.5 242 44.6 

Discharge, 4-Season MEI -3262.6 7080.4 256 47.5 

Null -3375.2 7144.6 186 111.8 

Temperature -3360.0 7146.0 200 113.1 

Temperature, 3-Season PDO -3312.0 7146.5 242 113.6 

MEI -3366.3 7158.6 200 125.7 

Temperature, 3-Season MEI -3318.5 7159.5 242 126.6 

Temperature, 4-Season PDO -3302.6 7160.5 256 127.6 

PDO -3368.1 7162.1 200 129.2 

Temperature, MEI -3352.7 7163.2 214 130.3 

Temperature, 4-Season MEI -3305.1 7165.4 256 132.5 

Temperature, PDO -3355.9 7169.6 214 136.7 
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Chapter 3 Appendix 

Table S1. Linear correlations between original variables and the principal component scores 

(vector loadings). Correlations above 0.5 are highlighted in bold. 

Environmental variable PC1 (68.3% variation) PC2 (15.2% variation) 

Watershed area 0.15 -0.95 

Watershed elevation 0.87 -0.39 

Watershed slope 0.98 -0.09 

Water table depth 0.77 0.31 

Soil depth -0.82 -0.39 

% Urban -0.80 0.18 

% Agriculture -0.87 -0.14 

% Wetland -0.93 0.01 

% Coniferous forest 0.94 0.05 
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Table S2. Pairwise comparisons assessing the differences between downstream and upstream 

river sampling stations for each season. Significant comparisons are shown in bold.  

Response variable River position contrast Season Sign p 

NO3
– Down - Up Summer + n.s. 

NO3
– Down - Up Winter + p < 0.05 

     

Δ17O-NO3
– Down - Up Summer − p < 0.05 

Δ17O-NO3
– Down - Up Winter − n.s. 

     

δ15N-NO3
– Down - Up Summer + p < 0.001 

δ15N-NO3
– Down - Up Winter + p < 0.01 

     

δ18O-NO3
– Down - Up Summer + p < 0.10 

δ18O-NO3
– Down - Up Winter + p < 0.10 

 

  



150 
 

Figure S1. Average river δ18O-NO3
– as a function of principal component axis 1 for the dry 

(2015) and wet (2016) hydrologic years. Slopes for the linear relationships are presented in the 

bottom left corner of each plot panel. 
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Figure S2. Average river δ18O-NO3
– in downstream and upstream stations for the dry (2015) and 

wet (2016) hydrologic years. Downstream stations are colored grey. Upstream stations are 

colored orange and blue for the dry and wet years, respectively.  
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Figure S3. a) Average river NO3
– concentration in winter and summer seasons for the dry and 

wet year of study. b) Average river Δ17O-NO3
– in winter and summer seasons for the dry and wet 

year of study. c) Average river δ15N-NO3
– in winter and summer seasons for the dry and wet year 

of study. d) Average river δ18O-NO3
– in winter and summer seasons for the dry and wet year of 

study. Winter seasons are colored light blue and dark blue for 2015 and 2016, respectively. 

Summer seasons are colored light orange and dark orange for 2015 and 2016, respectively.  
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Figure S4. Average river Δ17O-NO3
– in winter and summer seasons for the dry and wet year of 

study for each region within the broader Puget Sound Basin. Winter seasons are colored light 

blue and dark blue for 2015 and 2016, respectively. Summer seasons are colored light orange 

and dark orange for 2015 and 2016, respectively.  
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