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Abstract 

The type of carbon in a stream and its fluctuations can reveal insights into the sources of 

carbon in a watershed, its mobility, and its potential life cycle. Climate projections for the Pacific 

Northwest include increased periods of heavy rainfall and total annual precipitation. This makes 

understanding the effects of storm discharge on carbon fluxes important for estimating the 

impact climate change will have on carbon cycling for individual ecosystems and globally. This 

study measured the concentrations of the different fractions of organic carbon and inorganic 

carbon over the course of four storm hydrographs in a low order stream in the Puget Sound 

region of Washington between February 28th and April 10th, 2023. Sample analysis showed high 

average dissolved organic carbon (DOC) concentrations in Snyder Creek compared to those in 

similar watersheds, but without a clear pattern in its fluctuations. Fine particulate organic carbon 

(FPOC) concentrations showed major increases at three of the four peak stages of the storm 

hydrograph. Discharge was negatively correlated with Dissolved Inorganic Carbon (DIC) 

concentrations and positively correlated with CO2 outgassing. The DIC was composed mostly of 

carbonic acid suggesting that it was primarily sourced from biotic respiration as well as some 

carbonate dissolution. The results from this study do not offer a definitive answer as to how 

carbon cycling will change with increased precipitation, however, they offer a roadmap for 

future studies.  
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Introduction 
 

Rivers and streams hold and transport a substantial amount of the global carbon (C) 

budget, with approximately 5.7 Pg C passing through inland waters each year, three quarters of 

which evades as CO2 (Ward et al., 2017; Regenier et al., 2013). The majority of the remaining 

portion is exported to oceans via stream networks (Ward et al., 2017; Argerich, et al., 2016). The 

type and amount of C in a stream can give important insight into the mobility of the carbon in a 

watershed and the likely fate of the carbon in that stream (i.e., is it respirated to carbon dioxide 

or stored as a sink within the watershed) (Neu, 2016; Luce et al., 2014). The concentrations of 

these pools of C are constantly fluctuating due to water discharge and watershed characteristics 

such as vegetation, climate, topography, soil type, primary productivity, and river size.  

Discharge fluctuation caused by seasonal changes and storm events has the largest 

control on C fluxes within rivers and streams (Wallin et al., 2010; Medeiros et al., 2012; Voss et 

al., 2015). Gaining data on the mobility and abundance of C in response to discharge in a stream 

not only provides crucial insight into the C budget of a watershed but how it can be impacted by 

changes in climate. This is particularly relevant due to projected climatic changes in the PNW 

that include more severe drought in the summer and more intense precipitation events during the 

rest of the year (Voss et al., 2015; Kunkel et al., 2013; Christensen et al, 2007). This will cause 

drastic changes to stream chemistry and consequently the production and export of carbon 

(Singh et al., 2021).  

The results from studies that have investigated C budgets in small streams suggest that 

the role of forests as carbon sinks may be far less than is commonly reported because the export 

of C via streams is not properly accounted for (Argerich et al., 2016; Wallin et al., 2010). Most 

studies on river C and discharge are on large rivers, but as more data is emerging it has become 
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clear that headwaters not only play an important role in transporting carbon to larger rivers and 

eventually the ocean, but also in carbon outgassing to the atmosphere (Marx et al., 2017; Ward et 

al., 2017; Leithold et al., 2006; Schlessinger & Bernhardt, 2013). As streams transition to higher 

order rivers the concentration of organic carbon (OC) transitions from allochthonous (terrestrial 

origins) to autochthonous (aquatic origins) due to changes in riverbank to stream proportion and 

light availability (Creed et al., 2015). Small streams are responsible for the input of the majority 

of aged particulate organic matter POM to oceans (Leithold, et al., 2006). Consequently, the 

watersheds of low order streams are at a high risk of losing relatively stable aged pools of C, 

(Ward et al., 2017; Leithold et al., 2006). With future storm events projected to increase in the 

PNW, small streams are at risk of exporting larger than usual amounts of C (Tank et al., 2017; 

Voss et al., 2017; Medeiros et al., 2012).  

In this study the different pools of dissolved and particulate carbon in Snyder Creek, a 

small coastal stream, were measured during four storm events over the course of a winter season. 

Samples were collected three times, starting at the beginning of a storm, and ending as the 

hydrograph receded. The primary objective of this study was to gain a picture of how rapid 

increases in discharge from winter storms affect the export of the dissolved and particulate C. 

These findings in turn are meant to provide insight into a future C budget based on climate 

projections and set a baseline for future studies on similar streams. Similar studies on small low 

order streams are limited and mostly examine alpine streams which have steep topography, less 

vegetation, and abundant minerals in the soil. There are very few publicly available studies on 

streams in this region, in low elevation suburban watersheds, that flow directly into the ocean. 

This thesis aims to contribute to the knowledge base on the effect that discharge has on organic 

and inorganic carbon in a small urban stream in the Pacific Northwest. 
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Literature Review 

 

Introduction 

 

Each year roughly 5.1 Pg of C enters a river or stream where it is either exported to the 

atmosphere as CO2, transported to the ocean, or stored in inland waters (Drake et al., 2017; 

Tranvik et al., 2018; Tank et al., 2018; La Quiere et al., 2016). For reference around 3 Pg of C 

per year are sequestered by the terrestrial environment. Estimates of the global inland water 

carbon budget are consistently updated and increased; however, it is likely that around 80% of 

the C entering watersheds globally is returned to the atmosphere (Drake et al., 2017; Raymond et 

al., 2013; Cole, et al., 2007). The carbon in rivers is present in both organic and inorganic forms 

and derived from many different sources and processes. The levels and distributions of these 

forms of C are constantly fluctuating due to water discharge levels and watershed characteristics 

such as vegetation, climate, topography, vegetation, soil type, and river size. Discharge 

fluctuation caused by seasonal changes and storm events have the largest influence over C 

concentrations within an individual stream (Wallin et al., 2010; Medeiros et al., 2012; Voss et 

al., 2015). Currently, the consequences of future hydrological extremes on carbon fluxes in 

streams and rivers remains unclear (Ulseth et al., 2018).  Gaining an in-depth knowledge of how 

they will affect the export and storage of C in all stream types is paramount to understanding the 

true extent of climate change’s impacts and how to prepare for and/or prevent them (Ulseth et al., 

2018). 

This literature review is an overview of riverine carbon and the variables that control its 

concentrations. First, the different forms of terrestrial sources of organic carbon and the factors 

that contribute to their mobilization and input are summarized. Next, autochthonous riverine C 

and instream primary production is overviewed. Inorganic C and its environmental controls are 
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touched on next. This section leads to the effects of discharge caused by storm events on stream 

C and projections of the future climate. The review will end with a more in-depth look at the 

characteristics of small streams and Snyder Creek.  

Terrestrial Sources of River Organic Carbon 

 

Gaining an understanding of the source of carbon and the current form it is in when it 

enters a stream can reveal its likely fate. Carbon is found in rivers as both organic and inorganic 

constituents (Ward et al., 2017). Organic carbon can be differentiated based on size into two 

categories: particulate organic carbon (POC) and dissolved organic carbon (DOC). Coarse 

particulate organic carbon (CPOC) includes particulates greater than 63 µm and fine POC 

(FPOC) includes 0.7-63 µm, whereas any carbon smaller than this is categorized as DOC (Ward 

et al., 2017). 

The bulk of carbon in most streams comes from terrestrial sources (Ward et al., 2017).  

Terrestrial organic carbon also known as allochthonous, is derived from a mix of materials 

including C3 and C4 vascular plant detritus (biogenic), soils, and carbonate and sedimentary 

rocks (petrogenic) (Ward et al., 2017; Bianchi, 2011). Before ever reaching soil, raindrops 

collect dissolved organic matter and particulate matter from atmospheric particles and vapor, and 

then from vegetation (Ward et al., 2017; Neu et al., 2016). When a rain drop reaches soil, it will 

either permeate the soil or flow overland. This is determined by soil saturation levels which are 

dependent on soil permeability, vegetation, and slope (Schlesinger & Bernhardt, 2013). The 

composition and amount of OC transported to a stream depends on vegetation abundance and 

properties, surface/ soil type and texture, landscape and the time elapsed since previous soil 

saturation (Neu, 2016).  
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The size and location of rivers is also important in determining the type of OC they 

transport (Ward et al., 2017). Small rivers and streams are significant sources of POC containing 

soil fractions and plant derived fractions especially during storms. As the ratio of river edge to 

river body decreases, the ratio of dissolved to particulate OC acquired typically increases with 

the size of a river (Webster et al., 1999). 

Soil Organic Carbon  

 

The largest active pool of OC in the world is soil organic carbon (SOC) and contains 

predominantly DOC and biogenic POC (Bianchi, 2011; Davidson & Janssens, 2006). 

Temperature, moisture, substrate, and vegetation availability are the primary controls of SOC 

accumulation and stability in forests (Tank et al., 2018). High average moisture levels and cool 

average temperatures typically result in the highest rate of SOC accumulation. Soil C 

concentrations vary greatly within a region as a result of soil substrate, topography, and 

vegetation. The mean residence time of OC increases by depth, with the oldest pool existing in 

the soil mineral horizon (~10,000 years) (Bianchi, 2011; Schöning et al., 2006). The lower levels 

of soil gain relative stability due to chemical and physical processes such as sorption and 

occlusion as well as natural recalcitrance of certain OM such as lignin (Strawn, 2021, Bianchi, 

2011). A 2014 analysis of 281 studies showed mineral soils to have less SOC than organic soil 

(Camino- Serrano et al., 2014).  However, high clay content as well as the presence of Iron (Fe) 

and Aluminum (Al) oxides can reduce mineralization, allowing for DOC retention due to the 

high adsorption capacity of clay (Camino-Serrano et al., 2014; Nelson et al., 1990). 

 Lignin is an organic polymer found almost exclusively in terrestrial vascular plants and 

constitutes a significant percentage of total plant carbon including up to one third of all living 

wood. It provides plants structure and is more resistant to degradation by microbes in 
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comparison to other plant matter such as cellulose, especially in small lower temperature streams 

(Bianchi, 2011; Jex et al., 2014; Ward et al., 2013). During base stream flows the input of OC 

and nutrient concentration in a stream originates from these deep soil pools, which result in the 

input of predominantly older lignin and OC adsorbed to minerals (Strawn et al., 2021, Bianchi et 

al, 2011).  Its abundance and relative resistance make lignin an important key to understanding C 

cycling in rivers (Ward et al., 2012).  

Terrestrial Dissolved Organic Carbon 

 

In most soil the highest concentrations of labile DOC are found on the surface and in the 

uppermost 20 cm of soil (Neu et al., 2016). High concentrations can also be found at depth in the 

anoxic conditions of wetlands (Hinton et al., 1998). In order for these pools of DOC to be 

transported to a stream there must be enough moisture to connect the soils or wetlands to it. A 

lack of connection allows for a buildup of DOC particularly in shallow soils (Kaplan & 

Newbold, 2000). Consequently, DOC often sees a major spike in exports that peaks quickly after 

initial storm / snowmelt surges which typically occur between December and May (Giesbrecht et 

al., 2020; Neu et al., 2016; Voss et al., 2015). The spike in DOC then quickly recedes before the 

maximum discharge is reached which results from the labile pools of surface DOC being 

exhausted and unable to regenerate during periods of high precipitation (Neu et al., 2016, Voss et 

al., 2015). A model for the mobilization of DOM from heavy rainfall or snowmelt in headwaters 

is known as the Pulse Shunt Concept (PSC) (Raymond et al., 2016). PSC proposes that 

headwater streams during storms input a major, underreported portion of the DOC that remains 

unmetabolized in larger streams and is transported to the oceans. The percentage of DOC that is 

not metabolized is correlated with the magnitude of the storm (Raymond et al., 2016). 
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Throughfall, unlike overland flow allows water to move through different soil horizons 

and gather DOC in ground water before laterally entering rivers and streams (Ward et al., 2017). 

DOC typically decreases by depth as a result of mineralization, transformation into POC, and 

inability to be transported vertically. However, due to the many factors that affect its 

concentration, researchers have had difficulty finding a correlation between DOC by depth and 

land type (Kaplan & Newbold, 2000). DOC in ground water enters streams through the 

hyporheic zone. The amount of DOC held in the Hyporheic Zone is controlled in great part by 

the ratio of DOC in the ground water to the DOC in the stream (Kaplan & Newbold, 2000; Jones 

et al., 1995). If for example, the hyporheic zone has a higher DOC concentration than the stream 

it will become a source of DOC. If the inverse occurs, it will become a sink (Kaplan & Newbold, 

2000). This is the general rule for the metabolism of the hyporheic zone, but stream and substrate 

characteristics can bend these rules. 

Terrestrial Particulate Organic Carbon 

 

POC concentrations in streams generally increase with precipitation, however the fluxes 

are more gradual than those in DOC (Tank et al., 2017; Galy et al., 2015; Smith et al., 2013). The 

majority of POC enters streams during high discharge events, including both terrestrially sourced 

petrogenic and biogenic particulates (Tank et al., 2017). Therefore, predictions of increased 

extreme precipitation events caused by climate change will likely increase POC fluxes in streams 

(Hilton et al., 2012; Galy et al., 2015). However, unlike DOC, pools cannot be quickly depleted 

suggesting that a changing climate could result in a substantial, sustained increase in POC 

exports (Galy et al., 2015). 

Net primary productivity in the watershed, soil formation rates, tectonic uplift rates, 

bedrock geology, and topography have a strong control over the type and amount of POC 
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exported by a stream (Hatten et al., 2012). The quantity of POC transported to rivers is 

controlled by precipitation which acts as the primary connection between terrestrial POC and 

bodies of water (Smith et al., 2013). Most studies on POC have been on small steep mountainous 

river systems with high sediment yields. These studies reveal fossil POC (fPOC) from ancient 

geological sources to be the primary source of riverine POC. The few studies that have gathered 

samples from headwaters located in other regions have shown biogenic non-fossil POC (nfPOC) 

to be the predominant export of POC (Hatten et al., 2012). As a result, storm driven POC makes 

up a substantial portion of POC in larger bodies of water downstream (Medeiros, 2012; Leithold 

et al., 2006). Only the burial of modern non-fossil carbon contributes to the global CO2 sink, as 

fossil POC is in a recalcitrant form prior to entering the aquatic environment where it is as risk to 

be respired (Ward et al., 2017; Blair & Aller, 2012). Consequently, having an in-depth 

understanding of the factors that control the mobilization of fPOC vs nfPOC is of great 

importance. 

Inputs of petrogenic fossil POC often come from unweathered, exposed sediment that is 

mobilized by mechanical and chemical weathering in high discharge events and transported to 

streams (Poesen et al., 2003; Leithold, et al., 2006; Hedges et al., 1992; Ward et al., 2017; Galy 

et al., 2015). Consequently, mountainous headwater streams located in regions formed by rapid 

tectonic processes are typically the predominant source of POC and particularly of ancient 

fractions (Voss et al., 2015).  The quantity of fossil POC (fPOC) available for rapid transport 

during precipitation events directly corresponds to the level of bedrock erosion. In other areas, 

larger influxes of old fPOC are typically a result of land use changes (Butman et al., 2015). In 

relatively undisturbed headwaters that are not located in rocky mountainous regions, low 

concentrations of fossil POC are often present at base-flow (Smith et al., 2013). In most streams, 
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low total suspended load levels tend to result in a higher proportion of fossil POC concentrations 

(Smith et al., 2013). However, during high discharge events this pool decreases and is overrun 

with non- fossil biogenic POC. Although unlikely to be present in Snyder Creek, fossil POC is of 

particular concern because it is C that was in a recalcitrant form and is now available to be 

respired in an aquatic environment (Ward et al., 2017).  

In a study in the headwaters of a small river in coastal Oregon, POC was primarily 

derived from contemporary-aged vegetation and soils (Hatten et al., 2012). During high 

discharge, vegetation derived POC saw around three times the increase compared to petrogenic 

POC. The POC transported each year by this river is 0.4% of the soil carbon stored in its river 

basin (Hatten et al., 2012). These findings differ from studies on streams with predominately 

fPOC exports. A 2001 study on POC export in the Santa Clara River showed that fPOC 

concentrations plateaued at high flows and declined slightly at peak flow due to supply 

limitations (Masiello & Druffel, 2001). Studies on other fPOC dominant streams show similar 

results, which highlight the mobility of plant dominant POC and its abundance in vegetation rich 

organic soils (Cui, et al., 2016; Hatten et al., 2012).  

 

 

 

 

 

 

 

 

 



10 

 

Figure 1 

Sources of carbon to streams as a function of size and order 

 

Adapted from (Schlessinger & Bernhardt et al., 2013) 

 

Autochthonous Sources of River Organic Carbon 

 

Primary production of benthic algae, aquatic macrophytes, and plants are the 

predominant sources of autochthonous organic carbon (Malone et al., 2022).  Light and nutrient 

availability have the greatest influence over gross primary production (GPP) in streams (Porcal 

et al., 2015). Nutrient uptake, however, is highly dependent on light so without it little to no 

primary production will occur regardless of nutrient availability especially in small streams. A 

2010 study of a spring fed stream system in south Florida showed that light availability almost 

perfectly predicted GPP and nitrate uptake (Heffernan & Cohen, 2010). In addition to light 

nutrient uptake efficiency in streams can decrease from elevated concentrations (Covino et al., 

2010, Mulholand et al., 2002). Due to the dependence on light for GPP, autochthonous C rapidly 
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declines during storm events resulting from mirky sediment filled streams (Porcal et al., 2015; 

Roberts & Mulholland, 2007). 

When photosynthesis can occur, nutrient availability is crucial to primary production. For 

example, streams typically show strong correlation between gross primary production and 

ecosystem nitrate fluxes. Phosphorous (P) is also important but rarely limiting to primary 

productivity in streams because it is typically available in river sediments to biota (Schlessinger 

& Bernhardt, 2013, Francoeur, 2001). In addition to terrestrial availability, flow rate is among 

the most important influences on nitrogen (N) and phosphorous (P) fluxes in streams. It 

determines the length of time that water interacts with stream sediment, and it affects the 

distance before uptake or sorption by N and P occurs (Schlessinger and Bernhardt, Mulholland et 

al., 2008, Wollheim et al., 2008).  

Autochthonous DOM fractions of C within streams see the greatest fluctuations within 24 

hours during baseflow (Fasching et al. 2015). This is seen most dramatically during summer 

months. A 2015 study of an alpine stream measured DOC concentration and photosynthetic 

active radiation (PAR) for 18 days in August and February (Fasching et al., 2015). The results 

revealed that the difference between daytime and nighttime PAR measurements was greater in 

August than February. As a result, autochthonous DOC concentrations in the summer show 

roughly 2-3 times the in-stream DOC fluctuation over 24 hours compared to the winter. In both 

months increases in discharge decreased DOC concentration. 

Net primary production is typically low in streams and often negative in small streams, 

due to high rates of respiration in water and low GPP (Hatfield et al., 2019). However, in larger 

rivers GPP can exceed terrestrial inputs as they diminish, and light availability supports algae 

and macrophyte growth. Additionally, a major portion of instream GPP is consumed by 
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invertebrates because algae and macrophytes are preferred to terrestrial OM (Schlessinger & 

Bernhardt, 2013). In the continental US, aquatic respiration from microbial decomposition 

accounts for 28% of CO2 evasion from rivers and streams (Hotchkiss, et al., 2015).  

Autochthonous DOC also contributes to total stream exports but makes up a small portion 

compared to terrestrial DOC. 

 

Inorganic Carbon 

 

Dissolved inorganic carbon (DIC) in streams includes (carbon dioxide) CO2, carbonic acid 

(H2CO3), bicarbonate anion (HCO3
-), and carbonate (CO3

2-). DIC is controlled by groundwater 

influxes, respiration in the benthic and hyporheic zones of a river, and weathering of carbonate 

rich rocks (Fellows, et al., 2001; Cole & Prairie, 2009). Temperature can also affect DIC 

concentrations because CO2 solubility is inversely related to it (Stumm & Morgan et al., 1996). 

The constituents that make up DIC have a strong control over pH in small streams (Wallin et al., 

2010). Bicarbonate and carbonate concentration is the primary neutralizing force against acidity 

in water (Cole & Prairie, 2009). Counteractively, dissolved CO2 is the main acid in most 

freshwater, making pH a reliable determinant of the balance of these different types of DIC (Cole 

& Prairie, 2009). 

DIC leaves streams laterally to larger rivers, lakes, and oceans and as CO2 through evasion at 

the surface. Studies have revealed that almost all fresh water is supersaturated with CO2 relative 

to the atmosphere (Aufdenkampe, et al., 2011; Argerich et al., 2016). A 2016 meta study showed 

global stream CO2 levels to be between 18 to 738 percent greater than the atmosphere and the 

hyporheic zone to be 775 to 3,650 times greater (Argerich, 2016). This causes a consistent 

evasion of CO2 from rivers to the atmosphere. A 2016 study of the carbon budget of a watershed 
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in western Oregon revealed that 27% of the annual C exported is evaded as CO2 (Argerich et al, 

2016). 

Figure 2 

Annual carbon budget of a watershed 

 

 

HJ Andrews Experimental Forest in western Oregon. Figure from Argerich et al., 2016 

 

The total amount of CO2 that is emitted by a stream is in part controlled by its size and 

connectivity to watersheds via soil saturation (Hotchkiss et al., 2015). Low- order streams are 

often among the most CO2 saturated bodies of water and consequently contribute significantly 

more to CO2 outgassing fluxes than large streams and rivers (Ulseth et al., 2018). The 

concentration of dissolved CO2 in comparison to the atmosphere has a strong control over 
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evasion but not the only one. In Sweden, a 2010 study of 14 headwater stream reaches showed 

slope to be the most robust predictor of CO2 evasion (Wallin et al., 2010). 

The terrestrial soils surrounding rivers and the rate of mineralization that occurs in them is 

usually the predominant determinant of CO2 concentrations in streams (Johnson et al., 2008; 

Ward et al., 2017). The majority of dissolved CO2 in headwater streams is sourced from 

respiration in soil that is laterally transported in groundwater (Johnson et al., 2008; Ward et al., 

2017). A 2018 study on multiple first order streams in temperate north-eastern Scotland found 

that annually 23+ 11% of terrestrial DOC in streams was respired within an hour of transit time 

(Demars et al., 2018).  Instream respiration of OC on average makes up only 14% of CO2 

production in the smallest streams compared to 39% in the largest rivers (Hotchkiss et al., 2015; 

Tranvick et al., 2018). Carbonate and bicarbonate enter streams predominantly via the 

weathering of rocks and minerals driven by dissolved CO2 and moving water (Cole & Prairie, 

2009). 

The evasion of CO2 from streams to the atmosphere is the greatest during high discharge 

from storm events and snow melt (Wallin et al., 2010). Hydrological pulses from storms 

generally increase DIC inputs from soil into the stream but depending on its availability will 

deliver even more terrestrial DOC (Demars et al., 2019; Raymond et al., 2016). This mass influx 

of DOC can flip the proportion of terrestrial CO2 to CO2 from in-stream respiration (Hotchkiss et 

al., 2015; Demars et al., 2019). The large spike in CO2 emissions generally mirrors the trend in 

discharge. There is often a greater correlation between discharge and CO2 in the most acidic and 

CO2 rich streams. (Wallin, et al., 2010). In some small streams heightened CO2 emissions will 

remain after storm flow declines due to a high retention capacity of labile DOC in the hyporheic 
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zone (Demars et al., 2019). Conversely, some severe storms will lower stream metabolism 

through the removal of standing biomass and riverbed organic matter.  

Figure 3 

Annual DIC and DOC budget for a temperate headwater stream in Scotland 

 

Figure from (Demars, 2018). 

Storms and Seasons 

 

Overland flow is not a major source of river C compared to throughfall over the course of 

a year but is significant during storm events (Ward et al., 2017). The increase in water needs to 

be significant and sustained enough to mobilize the nutrients. In the Frasier River of British 

Columbia, increased river discharge causes rapid increases of DOC concentrations from 200 

µmol L-1 to peak levels of 700-900 µmol L-1 over the course of days at the start of spring 

discharge increase due to snowmelt (Voss et al., 2015). Lignin concentrations then decrease as 

river flow continues to increase in spring, suggesting that shallow labile DOC has been largely 

depleted (Ward, 2012). The Frasier River study is an example of a watershed that is snowpack or 

glacially impacted, which tends to peak right as discharge begins to peak in the spring 

(Giesbrecht et al., 2022; Voss et al., 2015). Watersheds in mountainous regions with rain driven 

hydrology experience C export that is spread out over the rainy season as opposed to one or two 

major spikes (Giesbrecht et al., 2022). Lowland watersheds such as Snyder Creek show even 
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greater temporal variance in DOC export which will be expanded upon further at the end of the 

literature review (Giesbrecht et al., 2020). 

In a 2001 study in Virginia, Buffam and colleagues found that although a stream only 

experiences stormflows during 4% of the year, they constitute 36% of the annual discharge and 

more than 50% of DOC and N inputs (2001). As a result, a fivefold increase of bacterial growth 

was observed as well as a slight increase of DOM bioavailability, further contributing to the 

storm caused riverine C (Buffam, et al., 2001).  

In addition to the magnitude of discharge change, the precipitation and stream flow the 

conditions preempting a storm have a noticeable effect on the amount of DOC exported by a 

stream (Guarch- Ribot & Buttarini, 2016; Neu et al., 2016; Voss et al., 2015). Both periods of 

extended drought and precipitation preceding an increase in discharge can limit the amount of 

terrestrial DOC exported by a stream. In addition to being quickly depleted from preceding 

storms as described previously, drought can reduce the ratio of C in DOM as a result of 

photobleaching and microbial degradation of the limited terrestrial OM in the water (Guarch-

Ribot & Buttarini, 2016). Photobleaching of DOM was shown to occur even in a heavily forested 

stream during extended droughts (Guarch-Ribot & Buttarini, 2016). The first storms after 

extended periods of low precipitation are often characterized by high DOM export in headwaters 

and relatively low DOC concentrations (Guarch-Ribot & Buttarini, 2016). Increasingly dry 

summers in the pacific northwest make these findings more applicable to the future C dynamics 

in western Washington’s streams (Guarch- Ribot & Buttarini, 2016, Christensen et al., 2007). 

POC pools are at a high risk of export in extreme weather events. Greater periods of soil 

saturation because of increased precipitation can promote the release of POC (Knorr, 2012). 

Storm caused landslides and sheetwash events cause massive POC fluxes, increasing the relative 
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rate of POC to DOC mobilization (Tank et al., 2018). Unlike DOC pools which are quickly 

depleted, terrestrial POC pools have been historically stable without a little risk of depletion 

(Blair et al., 2010; Tank et al., 2018). Consequently, as extreme weather events increase a near 

bottomless supply of POC is available to be exported and potentially re-mineralized (Blair et al., 

2010).  

Climate Change Impacts on Stream C Exports 

 

In the Pacific Northwest, climate change is projected to cause an increase in extreme 

weather events as well as increased drought in summers and higher annual temperatures (Kunkel 

et al., 2013; Christensen et al, 2007). There is expected to be 13% (+ 7%) more days that 

experience greater than 1 inch of rain in 2050 in comparison with the beginning of the century 

(Klos et al., 2014; Kunkel et al., 2013; Christensen et al., 2007). Meanwhile summer rainfall is 

projected to decrease by 6%-8% although some models predict a far greater degree of drought 

(Mote et al., 2010; Christensen et al., 2007). Hydrological Models show initial decreases in 

annual stream flow with a small increase by 2040, however stream flow is projected to increase 

by 30.3% by the 2080s (Wu et al., 2013). Annual temperatures are projected to steadily increase 

by 1.68° C during the same time frame and summer temperatures by 2.10° C (Wu et al., 2012). 

This will result in drastic changes to stream chemistry and consequently the production and 

export of carbon (Singh et al., 2021). The type and amount of C in a stream and how changes in 

flow and temperature affect it is dependent on stream and watershed characteristics (vegetation, 

surface/ soil type and texture, landscape, etc.) (Neu, 2016; Luce et al., 2014). Globally, the input 

of C into rivers increases annually by 0.01 to 0.02 peta-grams and 3-9% of DOC that enters 

rivers is aged C caused by anthropogenic disturbance (Reginier et al., 2013; Butman et al., 2015). 

Increase in temperature and precipitation threaten to remove old soil OC that constitutes a major 
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portion of the terrestrial carbon sink (Eglinton et al., 2021). As climate change progresses, plant 

biomarkers indicate that older and relatively stable C deposits are increasing their presence in 

streams globally (Eglinton et al., 2021). 

Fate of C Downstream 

 

Recent estimates on the fraction of carbon that enters rivers annually, between ¼ and 1/5 

of the carbon makes it to the open ocean, with the rest being trapped in coastal sediments, 

estuaries or returned to the atmosphere (Raymond et al., 2013; Voss et al., 2015; Drake et al., 

2017). However, the amount OC that reaches recalcitrant long-term storage in oceans is not well 

understood (Le Quéré, 2016). It is estimated that coastal sediments make up as much as 90% of 

the OM buried in the ocean in the last 10,000 years (Burdige, 2005; Ward et al., 2017). Recently, 

researchers have shown that terrestrially derived DOC is injected into the deep ocean via the 

global meridional overturning circulation (Medeiros et al., 2016). Small rivers likely contribute a 

major portion of OM reaching these ancient pools because they are responsible for the input of 

the majority of aged POC to oceans (Leithold, et al., 2006; Ward et al., 2017). POC sequestered 

by marine sediments can be stored on a millennial time scale as opposed to DOC which is 

quickly remineralized soon after reaching the ocean (Hedges et al. 1997). A 2012 study tracked 

upland sediment and particulate organic carbon biomarkers from a high river discharge and 

found that OC traveled significantly further down river than during base river flow to the point of 

saltwater intrusion (Medeiros et al., 2012). The relative recalcitrance of OC exports in low order 

streams underlines their importance in contributing to long term C storage. 

Snyder Creek 
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In 2022 for a study by Giesbrecht and colleagues categorized the Pacific Northwest by 

watershed types and measured the DOC seasonality and DOC concentration across all twelve 

watershed types (Giesbrecht et al., 2022). The study defined watershed types based on variables 

that control hydro biogeochemistry which include topography, climate, land cover, and 

geography. The Snyder Creek Watershed is classified as a rain (shadow) lowlands- central 

watershed (RLC). DOC roughly mirrored runoff over the course of the year, which was similar 

to many of the other rain dominant watersheds. The peak DOC concentrations were in late fall to 

early winter with runoff peaking shortly after. Both levels then steadily decreased until the end of 

summer. Overall, The RLC revealed relatively plentiful DOC stocks with gradual changes in 

seasonal DOC concentrations and runoff. These findings are in contrast with DOC 

concentrations in most small headwater streams in high elevation watersheds (Voss et al., 2015; 

Ulseth et al., 2018).  

Figure 4 

Map of the Snyder Creek Watershed 

 

Map of the Snyder Creek Watershed, Snyder Creek, the creek’s seasonal high flow tributaries, and runoff paths. The 

red dot represents the sampling sight for the study. The watershed above the sampling point is surrounded by a bold 
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black line, Snyder Creek is represented by a dark blue line, seasonal tributaries are shown as light blue lines, and 

runoff paths are represented by a thin light blue line. Map was created by Corey Franklin. 

 
 

Snyder Creek is a perennial first order stream that flows into the Eld Inlet with a stream 

channel that is 2 ¼ kilometers long (WFC, 2007). The watershed is in a secondary Douglas Fir 

dominant coniferous forest that receives an average of 127 cm of precipitation per year. The 60- 

day low flow for the stream is estimated at 1 CFS and the monthly 10% exceedance flow (10% 

of the year) was 10 CFS as of 1998 (Powers & Saunders, 1998; WDFW, 1994).  

Most of the watershed is made up of soil classified as moderately fine to moderately 

coarse in texture having a moderate rate of infiltration and runoff (USDA). The lower half of the 

stream bed is made up of fine soil with low rates of infiltration. The soils range between slightly 

to strongly acidic (USDA). 

Figure 5 

The Snyder Creek Watershed and the soil types within the watershed 
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The Inceptisols in the watershed are specifically Alderwood Gravelly Sandy loam (8% to 15% degree slopes), the 

Entisols are Skipopa Silt loam (3 to 15% degree slopes), the Andisols are Giles silt loam (15-30% slope) and the 

Alfisols are Xerothents (0 to 5% slope). The soil base map is provided by the USDA Natural Resources 

Conservation Service. The map was created by Corey Franklin 

 

Conclusion 

As discussed in this review, the different fractions of organic and inorganic carbon 

entering and exiting a stream constantly fluctuate due to a myriad of environmental controls. 

Currently there has been minimal data collected on the carbon cycling characteristics in small 

coastal low elevation streams. The studies done on streams most similar to Snyder showed that 

increasing discharge occurred months earlier than streams with snowmelt driven hydrology and 

consequently discharge influenced C fluxes occurred earlier as well (Giesbrecht et al., 2022; 

Argerich et al., 2016; Voss et al., 2017). There was also less variation in DOC and DIC 

concentration over the course of the year than higher elevation streams (Giesbrecht et al., 2022, 

Argerich et al., 2016; Voss et al., 2017).  

This study looked at the DOC, POC, and DIC concentrations in Snyder Creek in relation 

to storm discharge over a 40-day period in late winter. This data was used in conjunction with 

the findings summarized in this literature review to better understand the influence that storm 

discharge has on Snyder Creek watershed and could have in the future. The Snyder Creek 

watershed has the soil and topographic characteristics typical of a low elevation headwater 

stream in this region of the PNW. Making it a suitable proxy for similar water sheds.  

Determining site-specific variables that influence C cycling can open the door to more accurate 

C models and informed actions.  
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Methods 

Site 

 

The sampling site selected for this study was chosen near the mouth of Snyder creek, 

~200 meters up stream to avoid saltwater intrusion from the ocean. Snyder creek is located in 

Olympia Washington in a mixed conifer temperate forest. The coordinates for the sampling site 

are 47°05'05.3"N, 122°58'28.0"W. The sampling sight was located at a straight section of the 

creek roughly two meters in width at baseflow.  

Experimental Design 

 

Sample collection took place during four storms and between each storm at base flow for 

the period extending from February 28th and ending April 10th. The storms were chosen based on 

weather reports (weather.gov).  The website provided precipitation estimates in six-hour blocks. 

A storm period was chosen for sampling if there was at least one time block with a projected 

precipitation estimate of ~0.10 inches or more. The non-storm sampling occurred at least two 

days after the prior storm on a day with no precipitation. Samples and measurements were taken 

three times over the course of each storm and once for the non-storm stages. To determine when 

the measurements and sampling occurred during a storm, the projected storm window (starting 

with the first hour of projected precipitation and ending with the last) was broken into three 

evenly spaced time stages. An exception to this rule was that if the greatest precipitation 

projection did not fall within the middle stage, it could be shifted to encompass it (this did not 

have to occur). The three stages are defined in this study as the storm rising stage (S1), the height 

of the storm stage (S2), and the storm falling stage (S3). The sampling times were scheduled to 

occur in the latter half of each of the three storm stages to allow for the changing precipitation to 

impact the stream discharge. Due to the inherent inaccuracies of weather forecasts, as well as 
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logistical difficulties (e.g., transportation, equipment malfunctions, etc.) the sampling times did 

not always fall perfectly within the planned stage of the storm.  However, the sampling times 

mostly happened within their allotted third of the storm (i.e., storm rising, storm falling). It is 

also important to note that there is a delay in precipitation falling and discharge reflecting it, 

meaning that discharge could still be increasing during the last third of the storm. 

Field Measurements 

 

The data collected from in field measurements include temperature, depth, water velocity, 

pH, and dissolved oxygen concentrations. The methodology for sample collection and lab 

analysis of the samples are described in the next section. 

Discharge  

Velocity measurements were made in a straight section of the river downstream of where 

the other measurements were taken. Measurements were collected in accordance with (Hauer & 

Lamberti, 2007). The width of the water surface at this point in the stream was recorded. Five 

equally spaced observation points were then determined along the width of the creek and the 

depth of each point (dx) was measured using a measuring stick (cm). The mean velocity of each 

point (vx) was measured at 60% of the depth of each point using a swoffer meter. Discharge for 

partial sections of the creek were calculated using the following equation: 

𝑞𝑥 = 𝑣𝑥 [
(𝑏(𝑥+1)− 𝑏(𝑥−1)

2
] 𝑑𝑥                                                   (1) 

In this equation 𝑏(𝑥+1) is the distance from the observation point to the next point and 

𝑏(𝑥−1) is the distance from the observation point to the previous point, 𝑞𝑥 therefore is the 

discharge for one partial section. Total discharge (Q) (m3/s) was found by adding each partial 

section together. 
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Water Chemistry 

The following parameters were measured using a YSI PRO 2300 probe: dissolved 

oxygen concentration in units of milligrams per liter (mg/l) and percent saturation (%), 

conductivity in micro siemens per centimeter (µS/cm), salinity in parts per thousand (ppt), and 

temperature (°C) of the stream. The barometric pressure was calibrated in the probe using the 

most recent measurement reported from a known location and adjusted for elevation. The 

conductivity sensor was calibrated using a 250 ml graduated cylinder filled with 130 ml of 

freshwater KCl Calibration Standard. After calibrating the probe, the sensor was put into the 

water and left until the readings became consistent. 

The pH of the stream was measured using an Oakton Acorn Series pH meter and pH 

electrode. The pH was calibrated using pH standards 4,7, and 10 in the field. Five measurements 

were taken with at least 5 minutes between each measurement and averaged for a final pH.  

Sampling and Lab Analysis 

 

Coarse Suspended Sediment (CSS) 

CSS samples were collected by filling a 1-liter graduated cylinder by placing it in the 

stream, then pouring through a 63 µm sieve attached to a funnel, with the filtrate poured into the 

carboy. This was repeated ten times for approximately 10 L of filtered stream water. The 

sediment in the sieve was transferred to a bottle using distilled water and labeled with the amount 

of water that ran through the sieve. The sediment samples were then filtered onto a pre weighed 

47 mm (0.45 µm) cellulose acetate filter on a filter tower, dried overnight at 60 degrees C in a 

drying oven, and weighed. The dry weights of the sediment were divided by the volume of water 

that filtered through the sieve to obtain CSS concentrations. This process was repeated three 

times for each sample and the resulting concentrations were averaged. 
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Coarse Particulate Organic Carbon (CPOC) 

The PETG bottles used in this step were submerged in a 10% hydrochloric acid (HCl) 

bath overnight prior to sampling. To gather the CPOC sample, a plankton net (20 µm) was 

submerged in the stream for 10 minutes. The particles collected in the net were then rinsed into a 

125 ml acid washed PETG plastic bottle using distilled water and stored in a freezer post 

collection.  Prior to analysis, the sample was thawed, and most of the water in the bottles was 

removed using a pre-combusted glass pipette, and the remaining sediment and water was then 

poured into a glass petri dish. The remaining water was again removed from the petri dish and 

then the petri dish containing the sediment was dried overnight at 60° C (UC Davis, Stable 

Isotope Facility, N.D.). The weight of the sediment in all the capsules minus the weight of the 

capsule(s) were recorded (between 30 mg and 40 mg) and the capsules were sent out for analysis 

to the University of Washington Analytical Service Center. The analysis was performed using a 

2400 CHN analyzer (Perkin Elmer Co.). When the results were received, they were converted 

from weight % OC to mg/l using the CSS concentrations. 

Fine Particulate Organic Carbon (FPOC) 

The GF/F filters used for this step were prepared by combusting them in a muffle furnace 

for five hours at 500°C. The water in the carboys that previously had the CSS removed was 

poured into a churn splitter.  While being agitated, it was transferred into a filter tower with a 

pre-combusted 47 mm (0.7 µm) GF/F filter (Rosenheim et al., 2012). The filter was labeled with 

the volume of water filtered, and then dried overnight at 60 degrees C. Ten circular pieces were 

punched from the filter and folded into a tin capsule and sent out for analysis to University of 

California Davis Stable Isotope Facility. When the results were received from the lab they were 

adjusted based on the percentage of the GF/F filter that was sent out for analysis. This number 
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was then divided by the volume of water filtered through the GF/F filter to obtain the FPOC 

concentration. 

Dissolved Organic Carbon (DOC) 

The glass bottles used for this step were combusted in a muffle furnace for five hours at 

500°C. The water from the carboy that passed through the GF/F filters was used for DOC 

analysis. The sample was collected from the bottom chamber of the filter tower after the last 

round of filtration to avoid contamination from previous samples. The water was then poured 

into a pre-combusted 40 ml glass bottle and labeled with the volume of water that passed through 

the filter. The sample was stored in a freezer prior to being sent out for analysis to the University 

of Washington Analytical Service Center. The analysis was performed using a TOC/TN 

analyzer.  

Fine suspend Sediments (FSS) 

Between 100 ml and 2.5 L of stream water was run through pre-weighed 47 mm (0.45 

µm) cellulose acetate filters. The filters were labeled with the amount of water and left to dry 

overnight in a drying oven at 60°C and reweighed. The dry weights of the sediment were divided 

by the volume of water that filtered through the sieve to obtain FSS concentrations. This process 

was repeated three times for each sample and the resulting concentrations were averaged. This 

process was repeated three times for each sample and the resulting concentrations were averaged. 

 

Dissolved Inorganic Carbon (DIC) 

DIC samples were collected by partially submerging the opening of a glass beer bottle in 

the stream, so as to minimize bubbling. The bottles were cleaned with soap and water prior to 

sample collection. One drop of mercuric chloride was then added to the bottles containing ~315 
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ml of water using an eyedropper (Hales et al., 2004). The bottles were then sealed with a cap 

crimper in the field and sent out for analysis to Oregon State University. The analysis was 

performed using a Burke-o-lator TCO2 analyzer (Hales et al., 2004). The returned data included 

total DIC and Alkalinity which was used to calculate DIC species abundance and gas evasion 

rates for Snyder Creek. 

Calculations  

 

DIC Species Calculations 

The acid dissociation constants (K1, K2) for the different samples were calculated using the in-

stream temperatures (Guarch- Ribot and Buttarini, 2012). The coefficients used were dependent 

upon temperature and pressure and were determined from Stumm and Morgan (1996). The 

following quadratic equation was then used:  

(CA)[H+]2+K1(CA-DIC)[H+]+K1K2(.CA-2DIC)=0,                                   (2) 

 

to solve for H+ (Hydrogen ion) (Follows et al., 2006). Next, the inorganic carbon species (bi 

carbonate (HCO3), carbonic acid (H2CO3), carbonate (CO3)) were solved by inserting H+, DIC 

(dissolved inorganic carbon), CA (alkalinity), and the acid disassociation constants into the 

following equations (Garch-Ribot and Buttarini, 2012): 

CA = 2[CO3] + [HCO3] + [OH] –[H]                                  (2) 

DIC = [H2CO3] + [HCO3] + [CO3]                                     (3) 

𝐾1 =  
[𝐻]∗[𝐻𝐶𝑂3]

[𝐻2𝐶𝑂3]
                                                 (4) 
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K2 =  
[CO3]∗[H]

[HCO3]
                                                  (5) 

Kw = [OH][H].                                                 (6) 

CO2 Outgassing Rate Calculations- Henry’s law coefficient (KH) was then solved for the 

samples by plugging in their temperatures in kelvin into the following equation (Weiss, 1974; 

Wanninkhof, 1992):  

   KH= e^(-58.0931+90.5069(100/T)+22.294ln(T/100)).                     (7) 

The partial pressure of CO2 in the water (pCO2w) was determined using the equation: 

KH=[H2CO3]/pCO2.                                              (8) 

The atmospheric pCO2 levels were found using data from the NOAA’s Pacific Marine 

Environmental Laboratory carbon program that was collected from Nannoos Orca buoy in 

Dabob bay, which was the program’s closest location to Snyder Creek. However, the buoy is still 

~40 miles from the sampling site and is only an approximation of the pCO2atm levels at the site. 

The water velocity measurements (w) obtained in field were then used as a proxy to determine 

the gas transfer coefficient (K600) using the equation (Alin et al., 2010): 

K600=13.82+0.35w.                                                   (9) 

Finally, the following equation was used to find the outgassing rate in Snyder Creek (Weiss, 

1974): 

F=k600*KH(pCO2w-pCO2atm).                                (10) 
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Statistical Analysis 

 

A Shapiro-Wilk’s test for normality was used to determine if the variables were normally 

distributed.  If the data was not normally distributed the data was logarithmically transformed 

prior to the use of statistical tests that assume normality (Pearson’s correlation, Analysis of 

Variance (ANOVA) and retested for normality. If the data was normally distributed an ANOVA 

was used to assess if the different organic C pools varied depending on the stage of the storm 

event and between events during non-storm stages. A post hoc Tukey- Kramer analysis was then 

performed to determine which storm stages had significantly different values. If the data was not 

normally distributed the Kruskal-Wallis test was used instead. 

A Pearson’s correlation coefficient test was used to assess the correlation between the 

different carbon pools and discharge. The test was also used to examine the correlation between 

carbon pools and sample order (over the course of the seasonal hydrograph). Additional uses of 

Pearson R analyses include stream chemistry data and C concentration correlations, inorganic 

and organic carbon correlations, and chemistry data and discharge correlations. If the data was 

not normally distributed a Spearman’s rank correlation was used instead. 
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Results 

Discharge 

 

Discharge was measured during each of the 15 sampling events. The discharge of the 

stream during sampling stages (Table 3) ranged from 0.14 m3/s to 0.64 m3/s with a mean of 0.29 

m3/s and a standard deviation of 0.14 m3/s. The mean and median discharge that occurred during 

the projected height of the storm was greater than the other stages. The rising and falling periods 

had average discharges that were also greater than during the non-storm discharges. Discharge 

measurements were statistically different between types of storm stages (F3,11= 4.867, p= 0.022). 

In particular, discharge measurements taken during the stages at the height of the storms (S2) 

were significantly higher than measurements taken during rising storm stages (S1) and non-storm 

measurements (NS) (Table 1). 

Table 1 

Stream Chemistry and Discharge 

  Non-Storm (NS) Rising Storm Stage (S1) Peak Storm Stage (S2) 

Rising Storm 
Stage (S1) 

0.894  N/A  N/A 

Peak Storm 
Stage (S2) 

0.023 0.050  N/A 

Falling Storm 
Stage (S3) 

0.418 0.769 0.234 

This table shows the p-values of a post hoc Tukey- Kramer test on an ANOVA comparing discharge measurements 

by storm stage. The table is organized so that the two storm types (X & Y axis) corresponding to a cell to the p-value 

of that comparison. Orange highlights signifies statistically significant p-values. 
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Figure 6 

Box plot of discharge measurements by storm stage 

 

For each box the bold line represents the median value, the outer edges of the boxes represent the 1st and 3rd 

quartiles of the data, and the whiskers show the minimum and maximum.  
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Figure 7 

Graph of stream discharge measurements over the course of the study 

 

The graph shows the stream discharge measurements over the course of the study from February 28th to April 10th. 

The colored symbols represent the stage of the storm that each measurement was taken during. 

A moderate positive correlation coefficient suggests that discharge increased over the 

course of the study (r=0.52, p=0.047). The discharge at the height of the storms increased 

from storm to storm and had a 102% increase from the first measurement on March 8th to the 

last measurement of April 9th. These findings suggest that overall discharge may have been 

increasing over the course of the study, which would have been a result of storm flow, and not 

non-storm flow. 

Stream Chemistry  
 

The measurements included under the title of stream chemistry are pH, temperature, 

salinity, conductivity (spc), and dissolved oxygen. The mean pH was 7.32, the standard deviation 

(𝜎) was 0.11, and the pH ranged from 7.17 to 7.45. However, three pH values are missing due to 
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equipment malfunctions and therefore statistical analysis that includes pH will not reflect all 

samples. The mean dissolved oxygen levels were 11.07 mg/l, had a 𝜎 of 0.55 mg/l, and ranged 

from 10.31 mg/l to 11.96 mg/l. The mean in stream temperature was 9.47°C, had a 𝜎 of 0.74°C, 

and ranged from 8.4°C to 11.01°C. All salinity levels were either 0 or 0.1 ppt.  

Table 2 

Stream chemistry measurement and discharge (Q) 

Sample # Date Storm 
Period 

Temp (C°) pH DO (mg/L) SPC (µS/cm) Sal (ppt) 

1 28-Feb NS 8.4 7.44 11.94 150.3 0.1 

2 12-Mar S1 8.4 7.41 11.96 145.5 0.1 

3 12-Mar S2 8.8 7.21 11.68 101.0 0.0 

4 13-Mar S3 8.7 N/A 11.79 111.9 0.1 

5 22-Mar NS 9.9 7.35 10.88 154.7 0.1 

6 31-Mar S1 9.5 7.45 10.35 157.9 0.1 

7 31-Mar S2 9.3 7.17 10.40 100.0 0.1 

8 1-Apr S3 9.2 7.31 10.76 124.8 0.1 

9 5-Apr NS 8.9 7.44 10.31 149.1 0.1 

10 6-Apr S1 9.1 7.24 10.80 95.3 0.0 

11 6-Apr S2 10.0 7.27 11.07 106.9 0.1 

12 7-Apr S3 10.0 7.34 11.05 14.1 0.1 

13 8-Apr S1 10.0 N/A 11.05 136.9 0.1 

14 9-Apr S2 11.1 N/A 10.88 69.9 0.0 

15 10-Apr S3 9.8 7.18 11.07 105.9 0.1 
Stream chemistry measurements and discharge (Q) from in stream measurement over the course of the sampling 

stage. 

A Pearson’s correlation was used to analyze the relationship between discharge and 

stream chemistry measurements. In relation to discharge, pH was negatively correlated with 

discharge (r=-0.85, p= 0.0005). Temperature was positively correlated with discharge (r=0.57, 

p= 0.027). SPC was moderately, negatively correlated with discharge (r=-0.571, p=0.026). 

Dissolved oxygen and Salinity did not has have statistically significant results.  
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Table 3  

Pearson’s correlation test results for the relationship between Stream Chemistry values and discharge 

 SPC (µs/cm) Salinity (ppt) Temp (°C) DO (mg/L) pH 

Pearsons r -.571 -.499 .569 -.013 -.848 
Orange highlights signifies statistically significant p-values with moderate to strong r values. 
 

Table 4 

DOC and POC concentrations and discharge (Q) 

Sample # Date Storm 
Period 

Q (m³/s) DOC (mg/L) CPOC (mg/L) FPOC (mg/L) 

1 28-Feb NS 0.222 20.6 0.44 0.00* 

2 12-Mar S1 0.227 20.8 0.03 0.08 

3 12-Mar S2 0.318 12.3 0.69 0.13 

4 13-Mar S3 0.285 7.1 0.31 0.51 

5 22-Mar NS 0.169 14.6 0.05 0.23 

6 31-Mar S1 0.149 15.0 0.64 0.15 

7 31-Mar S2 0.403 10.4 1.12 3.21 

8 1-Apr S3 0.195 17.9 1.46 0.97 

9 5-Apr NS 0.140 9.7 0.16 0.23 

10 6-Apr S1 0.331 15.0 0.11 1.18 

11 6-Apr S2 0.432 9.2 0.27 0.11 

12 7-Apr S3 0.271 12.7 0.12 0.43 

13 8-Apr S1 0.221 9.2 0.72 0.32 

14 9-Apr S2 0.643 10.0 0.08 2.92 

15 10-Apr S3 0.458 9.7 1.22 0.70 
Dissolved and Particulate organic carbon concentrations and discharge (Q) from in stream measurement over the 

course of the sampling stage. 

 

DOC 

The mean concentration of DOC was 12.9 mg/l, the 𝜎 was 4.26 mg/l, and ranged from 

7.1 mg/l to 20.8 mg/l (Table 3). It made up 91% of the mean organic carbon concentrations in 

the samples taken from Snyder Creek. A Shapiro- Wilks test for normality was run on the DOC 

concentrations and found that they were not normally distributed. As a result, prior to further 

statistical analysis the data was logarithmically transformed. It was then reassessed and found to 

have a normal distribution. DOC was slightly negatively correlated with discharge, but this 
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correlation was not statistically significant (r= -0.427, p= 0.112). The data did not reveal a 

statistically significant difference between storm stages and DOC concentration (F3,11=1.087, 

p=0.395) (Table 4).  

Figure 8 

DOC concentrations in Snyder Creek in relation to discharge 

 

The colored symbols represent the stage of the storm that each measurement was taken during. 
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Figure 9 

DOC concentrations in Snyder Creek over the course of the sampling period 

 

The symbols represent the stage of the storm that each measurement was taken during. 

 

Analysis of the DOC over the sampling window showed a statistically significant 

moderate negative correlation (r= -.568, p=.027) between the DOC concentration and the order 

of the samples taken over the study This result suggests that as time passes over the course of the 

spring winter/ sampling window, the DOC concentration decreases (Figure 9).  

Another observable pattern in the DOC concentrations was the average standard deviations (𝜎) 

between the storm stages (Figure 10). Variability in DOC concentration appears to be the least in 

the samples taken at the height of the storm (S2) which includes 4 of the 6 highest discharge 

samples. The S2 samples had a (𝜎) of 1.141 whereas the 𝜎 of all four combined is 3.42.  
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Figure 10 

Box plot of DOC measurements by storm stage 

 

The midpoint represents the median value, the outer edges of the boxes represent the 1st and 3rd quartiles of the 

data, and the whiskers show the minimum and maximum values. 

 

FPOC 

 

The mean concentration of fine suspended sediment (FSS) samples was 9.86 mg/l, the 

median was 4.22 mg/l, the 𝜎 was 12.96 mg/l, and measurements ranged from 1.85 mg/l to 47.34 

mg/l (Table 4). The FSS had a strong positive statistically significant correlation with discharge 

(r= 0.625, p=0.013).    

The mean concentration of FPOC samples was 0.75 mg/l, the median was 0.32 mg/l, the 

𝜎 was 0.99 mg/l, and ranged from 0 mg/l to 3.21 mg/l (Table 4). It made up 5% of the mean 

organic carbon concentrations in the samples taken from Snyder Creek. A Shapiro- Wilks test 

was run on the FPOC concentration data set and found that it was not normally distributed. A 
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logarithmic transformation did not result in a normal distribution. As a result, a Spearman’s rank 

correlation analysis was used instead of a Pearson’s correlation. FPOC had a moderately positive 

correlation with discharge, this positive correlation was driven by concentrations at the height of 

the storms (S2) (r=0.50, p= 0.058) (Figure 11). However, the p-value was greater than 0.05 and 

cannot be considered statistically significant. Analysis of the FPOC over the sampling window 

did not show a statistically significant correlation (r= -0.36, p=0.19) between the FPOC 

concentration and the order of the samples taken over the study (Figure 12).  

Figure 11  

FPOC concentrations in Snyder Creek in relation to discharge 

 

The colored symbols represent the stage of the storm that each measurement was taken during. 

 

A non-parametric Kruskal-Wallis indicated there was no statistically significant 

difference between storm periods and FPOC concentration (p=0.067).  However, an observable 
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pattern in the FPOC concentrations was that the average standard deviations (𝜎) of FPOC 

concentrations for NS, S1, and S3 were all under 0.25 mg/l, but the 𝜎 of S2 was 1.47 (Figure 12). 

Additionally, the mean of S2 concentrations was 1.84 mg/l compared to the other storm stages 

which were all below 0.66 mg/l (Figure 12).  

Figure 12 

FPOC concentrations in Snyder Creek over the course of the sampling period 

 

The symbols represent the stage of the storm that each measurement was taken during.  
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Figure 13  

Box plot of FPOC measurements by storm stage 

 

The midpoint represents the median value, the outer edges of the boxes represent the 1st and 3rd quartiles 

of the data, and the whiskers show the minimum and maximum values. 

 

CPOC  

Coarse suspended sediment (CSS) samples had a mean concentration of 3.35 mg/l, with a 

𝜎 of 2.93 mg/l, and a range of 0.32 mg/l to 8.86 mg/l (Table 3). There was not a statistically 

significant correlation between the coarse suspended sediment (CSS) concentrations and 

discharge (r= 0.035, p=.899).  

The coarse particulate organic carbon (CPOC) samples had a mean concentration of 0.49 

mg/l, with a 𝜎 of 0.47 mg/l, and a range of 0.03 mg/l to 1.46 mg/l and (Table 3). There was not a 

statistically significant difference between the CPOC concentration by storm stage (F3,11=0.954, 

p=0.448). However, the mean increased from non- storm stages (NS) to the rising storm stages 

(S1), to the height of the storms (S3), to the receding storm stages (S3) (Figure 14). The standard 
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deviations (𝜎) of the storm stages followed the same pattern (NS=0.20, S1=0.36, S2=0.46, 

S3=0.66). 

CPOC concentrations did not show any correlation between CPOC concentrations and 

discharge (, r= 0.026, p=.448). There was also not a statistically significant correlation between 

sample order (time) (r=0.129, p=0.646). 

Figure 14 

Box plot of CPOC measurements by storm stage 

 

The midpoint represents the median value, the outer edges of the boxes represent the 1st and 3rd quartiles of the 

data, and the whiskers show the minimum and maximum values. 

 

 

 

 

 

 

 



42 

 

Figure 15 

Graph of the relationship between CPOC concentrations in Snyder Creek and discharge 

 

 The graph shows the relationship between CPOC concentrations in Snyder Creek and discharge. The colored 

symbols represent the stage of the storm that each measurement was taken during. 
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DIC  

 

Table 5 

Snyder Creek stream chemistry and DIC concentrations 

Date 
Storm 
Period pH Temp (C) 

Q (m³/s) Alkalinity 
(µeq/kg) DIC (µmol/kg) 

28-Feb NS 7.44 8.4 
 

0.222 1322.93 1460.88 

12-Mar S1 7.41 8.4 
 

0.227 1108.17 1232.87 

22-Mar NS 7.35 9.9 
 

0.169 1339.09 1483.52 

31-Mar S2 7.17 9.3 
 

0.403 610.94 746.98 

5-Apr NS 7.44 8.9 
 

0.14 1332.49 1487.35 

7-Apr S3 7.34 10 

 
       

0.271 888.21 1071.75 

 
9-Apr 

 
S2 

 
NA 

 
11.1 

       
 

0.643 
 

541.02 
 

666.82 

Date 
Storm 
Period 

F (µmol 

CO2/ m2/ 

s)  
 
H₂C0₃ HCO₃ CO₃ pCO₂wa pCO₂atm 

 
28-Feb  NS 17.768 138.82 1320.584 1.173 2448.194 427.3 

 
12-Mar  S1 18.623 125.63 1106.351 0.911 2215.585 442.18 

 
22-Mar NS 18.884 145.759 1336.774 1.160 2707.473 445.31 

 
31-Mar S2 25.583 136.13 610.425 0.258 2477.023 428.08 

 
5-Apr NS 19.015 155.604 1330.357 1.066 2792.435 431.79 

 
7-Apr S3 15.648 91.731 886.590 0.811 1709.434 425.93 

 
9-Apr S2 30.816 125.881 540.578 0.221 2435.268 426.64 

Snyder Creek temperatures, pH, discharge, inorganic C species concentrations, and outgassing (F) rates over the 

course of the study stage. 
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The mean DIC (TCO2) value was 1164.31 µmol/kg, with a 𝜎 of 348.6 µmol/kg, and a 

range of 666.8 µmol/kg to 1487.3 µmol/kg (Table 5). DIC concentration in Snyder has a 

statistically significant strong negative correlation with discharge, (r= -0.91, p= 0.004). The DIC 

concentration did not have a significant relationship with sampling order/ time, (r=-.598, 

p=0.156) (Table 6).  

Table 6  

Pearsons R results for multiple variables’ relationship to DIC. 

Test Discharge Sample Order pH DOC FPOC CPOC 

Pearsons R -0.91 -0.598 0.872 0.480  -0.392 
Orange highlights signify statistically significant p-values with moderate to strong correlation coefficients. 

 

Figure 16 

Relationship between DIC concentrations in Snyder Creek and stream discharge 

 

 

The colored symbols represent the stage of the storm that each measurement was taken during. 
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There was not a statistically significant relationship between DIC and any of the organic 

carbon concentrations. There was a moderate correlation between DIC and DOC; however, it 

was not statistically significant (r=0.479, p=0.276).  

DIC had a strong statistically significant positive correlation with pH (r= 0.872, p=.024) 

(Figure 17). pH also has a positive correlation with the percentage of DIC made up of HCO3 

(r=0.817, p=0.047), conversely it has a strong negative correlation with the percentage of DIC 

made up of H2CO3 (r=-0.874, p=0.023). Both relationships can be attributed to the controls of pH 

on carbonate speciation. This means that as discharge increases, DIC decreases, and the 

proportion of H2CO3 decreases relative to the other carbonate species. 

Figure 17  

Relationship between DIC concentrations in Snyder Creek and pH 

 

The colored symbols represent the stage of the storm that each measurement was taken during. 
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CO2 Evasion Rates 

The mean in-stream CO2 evasion rate was 20.91 µmol CO2 m
-2 s-1, the 𝜎 was 5.33, with a 

range 15.65 m-2 s-1 to 30.62 m-2 s-1. Stream Discharge had a strong statistically significant 

positive correlation with the CO2 evasion rates (r= 0.897, p= 0.0062) (Figure 18). This suggests 

that as discharge increases, outgassing (F) increases. This is the opposite of the correlation 

between discharge and DIC. An analysis on the relationship between DIC and F shows a strong 

negative correlation between DIC and outgassing (r=-.784, p= .037). 

The mean partial pressure of aqueous CO2 in Snyder Creek was 2,3998 (µatm) and the 

mean partial pressure of atmospheric CO2 was 432.5 (µatm) (Table 5). This means that Snyder 

Creek is supersaturated with CO2 and has approximately five and a half times that of the 

surrounding atmosphere.  

Figure 18 

CO2 outgassing rate in Snyder Creek in relation to stream discharge 

 

The symbols represent the stage of the storm that each measurement was taken during. 
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Discussion 

Discharge 

 

The goal of this study was to see how carbon concentrations changed during storm events 

and in relation to discharge fluctuations. Four storm events were captured in which discharge (Q) 

measurements were collected at distinct stages of the hydrograph. During these storm events, the 

mean discharge of the measurements taken at the height of the storm were the greatest, the non-

storm measurements were the lowest, and the rising and falling periods fell between the two.  

Measurements taken at the peak of the storm (S2) were significantly different from those taken at 

non- storm stages (NS), and rising storm stages (S1) (Table 1, Figure 6). There were not 

statistically significant differences in Q between the other storm stages. A possible explanation is 

that measurements taken for each storm stage did not occur at the same point within each stage 

(further explanation can be found in the methods section).  Another explanation for these results 

is that the storms varied greatly in the amount of precipitation that fell, which explains the 

variance in Q between the same stage of different storms. 

The mean discharge in Snyder Creek measured during the sampling times increased from 

February 28th to April 10th. This was shown by a statistically significant moderate positive 

correlation between the order that the samples were taken and discharge (Figure 7). Additionally, 

the magnitude of the storm events increased with each storm throughout the study period, as did 

the change in discharge between the low water measurements and the peak measurements 

(Figure 8). However, the limited sample size in the study only represents a snapshot of discharge 

between February 28th and April 10th in Snyder Creek. The sampling dates were also not evenly 

distributed over the course of the study and only included one non-storm measurement between 
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storms. These results are most useful for analyzing discharge’s relation to carbon concentrations 

in Snyder Creek as opposed to seasonal discharge trends. 

Longer term studies on streams in the region with rain dominant hydrology have shown 

an overall negative trend in discharge over the same time of year (Giesbrecht et al., 2022). A 

study on eight small low- order streams located at low elevations within the Puget Sound area 

exhibited decreasing discharge starting in January that reached a minimum in the summer 

(Giesbrecht et al., 2022). However, the winter and spring seasons had multi-storm periods of 

increasing discharge within the larger trend of decrease (Giesbrecht et al., 2022; Argerich et al., 

2015). It is possible that the positive trend in discharge measured in Snyder Creek is an example 

of the multi-storm discharge increases seen in other streams within an overall seasonal decline.  

DOC 

 

The mean DOC concentration in Snyder Creek was 12.9 mg/l, the lowest concentration 

recorded was 7.1 mg/l and the highest was 20.8 mg/l (Table 3, Figure 10). These concentrations 

are higher than DOC concentration found in similar streams (Giesbrecht et al., 2022).  A 2022 

meta study on DOC concentrations showed that eight low elevation, low order streams in the 

Puget Sound area had mean monthly DOC concentrations between ~2.5 mg/l and ~5.5 mg/l for 

February, March, and April (Giesbrecht et al., 2022). The concentrations reported here were 

higher than most of the streams in Pacific Northwest creeks and rivers included in the 2022 

Giesbrecht study as well as streams included in other studies done in the region (Voss et al., 

2015; Argerich et al., 2022). The streams included in the Giesbrecht meta study that had a 

similar range of DOC concentrations to those reported in this study were located further north in 

southwestern British Columbia. However, they were about 3°C cooler on average than the 

streams studied here, resulting in less evapotranspiration.  The Snyder Creek temperatures, 
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however, were within the range of the streams located near Puget Sound and were warmer than 

temperatures found in these northern streams during the winter season.  

A possible reason for significantly higher DOC concentrations in Snyder Creek compared 

to those in similar watersheds is soil characteristics (Nelson et al., 1992; Butman et al., 2019). 

Watersheds with soil with higher clay content often adsorb more C and hold onto it during storm 

pulses (Nelson et al., 1992). Watersheds with sandier soil leaches more DOC into the stream 

because there is less sorption of this organic matter onto sand particles (Nelson et al., 1992; 

Butman et al., 2019.) In addition to texture, the presence of poorly crystalline iron (FEpc) and 

aluminum (Alpc) make a major impact on the DOC sorption in soil (Kothwala & Hendershot, 

2009). Carbon: nitrogen ratios in soil can also have a large control on DOC fluxes in streams, 

with higher C:N ratios typically resulting in higher DOC exports (Aitkenhead- Peterson et al., 

2005). Using a soil type map provided by USGS, Snyder Creek watershed contains three soil 

types, one of which is characterized as being anthropogenically influenced and can be very sandy 

(Figure 5) (Soil Survey Staff, N.D.). This soil type is unique to watersheds in developed areas 

such as Snyder Creek which could influence the in-stream storm DOC concentrations.  It is 

difficult to know if soil properties are behind the high DOC concentrations without soil analyses, 

however they are an important control on stream DOC concentrations and could provide an 

answer (Camino-Serrano et al., 2014; Nelson et al., 1992; Strawn et al., 2021; Kothwala & 

Hendershot, 2009; Bianchi et al, 2011). 

The Snyder Creek watershed encompasses forested and residential land, with the 

headwaters starting on the Evergreen State College campus (WFC, 2007). In addition to the type 

of soil found in this watershed, human caused changes may impact DOC concentrations in 

Snyder Creek in other ways as well. A 2019 study in Delaware found that anthropogenic changes 



50 

 

to an ecosystem increase the aromaticity of DOC, allowing for an increase in variability in DOC 

concentrations in streams (Parr et al., 2019).The addition of chemicals, particularly nitrogen and 

sodium, by humans to promote garden and lawn growth within a watershed can result in 

increased DOC concentrations in streams (Aitkenhead-Peterson et al., 2009; Aitkenhead 

Peterson et al., 2005). The introduction of wastewater into a stream in urban areas can also cause 

increased DOC levels (Tank et al., 2018; Aitkenhead Peterson et al., 2005) Further analysis is 

needed to determine if human caused changes to the watershed resulted in the heightened DOC 

concentrations in Snyder Creek, however results from studies on the topic suggest this is a 

realistic possibility (Parr et al., 2019, Tank et al., 2018; Aitkenhead-Peterson et al., 2009; 

Aitkenhead Peterson et al., 2005). 

Other studies that measured stream DOC concentrations in relation to discharge have 

found that as discharge increases rapidly in late winter to spring, DOC initially increases, but 

then begins to decline prior to the height of discharge (S2) measurement (Voss et al., 2016; 

Argerich et al., 2015; Marx et al., 2017). This can be explained by the depletion of built-up 

organic matter in a watershed, as it is flushed from the watershed by rain (Marx et al., 2017). 

This pattern is most apparent on a seasonal timeline (three to six months), although this pattern is 

also observed for individual storms (Voss et al., 2016; Argerich et al., 2015; Demars et al., 2018; 

Giesbrecht et al., 2022). The correlation between DOC and discharge is found to be positive in 

most stream watersheds especially in the winter and spring seasons (Voss et al., 2016; Ward et 

al., 2017; Raymond et al., 2016). This pattern was not observed in Snyder Creek, as there was a 

weak negative correlation between discharge and DOC concentrations, without statistical 

significance (Figure. 8). As with all of the results in this study this finding could be attributed to 
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the relatively small sample size and perhaps not a fine enough resolution of sampling during 

storm events to capture this pattern.  

There were not statistically significant differences in DOC concentrations between stages 

of the storm hydrograph (S1, S2, and S3). However, there was a notable difference between their 

standard deviations. Particularly the concentration at the height of the storm (S2) had a standard 

deviation (𝜎) of 1.14 mg/l which is far less than the 𝜎 of the other stages of the storm hydrograph 

(NS=4.44 mg/l, S1=4.12 mg/l, S3=3.99 mg/l). As mentioned previously the largest standard 

deviation of discharge was in the discharge measurements from the height of the storm. An 

explanation for the small variance in DOC despite the large variance in discharge at the S2 stage 

is a result of exhausted DOC sources at high peak discharges (Voss et al., 2016; Argerich et al., 

2015; Marx et al., 2017).  The relatively large variance in the other stages of the hydrograph (S1, 

S3) may have influenced the lack of a statistically significant difference between DOC 

concentrations at the height of the storm (S2) and the other periods. Although these larger 𝜎 may 

be associated with the study design and the inexact timing of the sampling, the discharge results 

do not support this. It is possible that the reason for the large variation in standard deviations and 

lack of statistically significant difference between DOC and storm period is associated with the 

seasonal changes in concentration.  

The one variable tested that showed a significant correlation with DOC concentration was 

the order/ date of the sample. Statistical tests revealed that as time elapsed over the course of the 

study the DOC concentrations decreased (R= -.513, R2=.206, P=.05). Due to the limited samples 

and study design which target storms, this result does not represent the trend of total DOC 

concentrations over the course of study period. However, this trend in DOC over the month of 

March and early April does align with the results from some studies that measured discharge in 
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small streams in the Pacific Northwest (Argerich et al., 2016, Giesbrecht et al., 2022). The multi-

year study by Argerich et al. in Western Oregon revealed a steady decrease in DOC starting in 

March and ending in July. The comprehensive study carried out by Giesbrecht et al. in 2022 

reported that the mean DOC in the low elevation Puget Sound region steadily decreased each 

month from November to May. This is a result of the depletion of DOC sources and seasonal 

decrease in discharge (Giesbrecht et al., 2022). Other headwater streams in the Pacific Northwest 

that are more influenced by snowmelt and glacial run off show peaks in DOC later in the spring 

right before discharge peaks in the early summer (Voss et al., 2015, Voss et al., 2022, 

Giesbrechet et al., 2022).  

FPOC 

 

The mean concentration of FPOC was 0.75 mg/l and made up 5% of the mean organic 

carbon concentrations in the samples taken from Snyder Creek, 1% more than CPOC. The 

greater FPOC concentrations are likely due to the large influxes during the storms (Figure 11). 

This pattern is common for FPOC concentrations which are typically low during base flow but 

see major increases during storm pulses (Marx et al., 2017). FPOC is more mobile than CPOC 

due to its size allowing for this fraction of carbon to be mobilized by less discharge (Marx et al., 

2017; Argerich et al., 2016). The proportions of organic carbon were similar to other low order 

streams in the Pacific Northwest; however, areas with larger storm events and snow melt will 

sometimes see higher mean CPOC concentrations (Argerich et al., 2016). In Snyder Creek, 

concentrations spiked during all four storms and were highest during the peak storm stage for the 

latter three storms. The peak storm stages (S2) of the storms which were three times greater than 

the concentrations found during the other storm stages (Figure 11, Figure 12). The three greatest 

concentrations occurred during peak stages even though the second highest discharge recorded 
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occurred during a falling storm stage (Figure 11). This result points to the mobility of FPOC and 

the flushing effect of peak discharge (Marx et al., 2017; Tank et al., 2018). Despite this, there 

was not a statistically significant difference between storm stages (p=0.07). This result was likely 

influenced by the first storm which had lower FPOC concentrations than the other storms and 

concentrations peaked at the falling storm stage (S3), as compared to the other stages measured 

here. The first storm also had the smallest increase in discharge. 

The mobilization of the FPOC concentrations only at the peak stages of the storms likely 

influenced its correlation with discharge which was moderate and not statistically significant (r= 

0.504, p= 0.058). Other than samples collected during the highest discharges, the concentrations 

were similarly low among all samples. It appears that significant increases in FPOC 

concentrations did not occur until discharge surpassed a discharge of roughly 0.4 m3/s (Figure 

11). However, additional sampling would be needed to determine if this observation is 

statistically significant. 

FPOC concentrations did not have a correlation with sampling order (r= -0.36, p=0.19). 

Although discharge at the peak storm stage increased with each storm, FPOC did not follow the 

same trend. The highest spike in FPOC occurred during the second storm (3.2 mg/l), the third 

storm saw three times less FPOC (1.18 mg/l) and then climbed back to (2.92 mg/l) at the peak of 

the fourth storm. The reason for this dip in FPOC was likely caused by the exhaustion of FPOC 

sources by the second storm (Marx et al., 2017). 

CPOC 

 

The CPOC concentrations for Snyder creek had a mean of 0.49 mg/l C with a standard 

deviation of 0.466 mg/l, that ranged from 0.027 mg/l to 1.459 mg/l over the course of the fifteen 
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sampling dates (Table 3). The mean CPOC concentration accounts for 4% of the total OC 

concentrations. This percentage is on par with the annual CPOC concentrations for similarly 

characterized streams but is low for this time of year when concentrations are at or near their 

peak (Marx et al., 2017, Argerich et al., 2016). Possible explanations for the lower CPOC 

concentration include watershed/ creek slope, discharge, and lack of petrogenic sources (Tank et 

al., 2018, Marx et al., 2017). The moderate slope of the watershed and creek bed as well as 

moderate discharge pulses recorded at Snyder Creek could explain the lack of correlation 

between POC and discharge (Marx et al., 2017). These characteristics are the predominant forces 

that control erosion and consequently biogenic POC influxes (Tank et al., 2018, Marx et al., 

2017). 

Coarse particulate OC is typically less dynamic in all river systems than smaller fractions 

of C but is most mobile during high discharge events (Tank et al., 2018). During rapid large 

increases in discharge, CPOC export often occurs at a greater rate than smaller C fractions (Tank 

et al., 2018, Marx et al., 2017). This pattern, however, was not present in the CPOC 

concentrations in Snyder Creek (Figure 12, Figure 13). There was not a statistically significant 

relation with discharge (P=.448, adj R2=-0.076, R= 0.026) or with sample order (P=0.646, adj 

R2=-0.059, R=0.129) meaning that mean discharge did not change over the course of the study. 

The mean and max CPOC concentrations of each storm stage did increase over the course of the 

hydrograph however there was not a statistically significant difference between the stages of the 

storm hydrograph (Figure 11). This indicates that CPOC concentrations were being mobilized 

with increased discharge, but larger storms may be necessary to see statistical significance (Tank 

et al., 2018; Marx et al., 2017). The continued rise in mean CPOC concentrations past the peak 
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storm stage (S2) and into the falling stage of the storm (S3) may suggest that CPOC was 

mobilized or flushed at a slower rate than discharge fluctuated. 

DIC 

 

DIC concentrations in Snyder Creek had a strong inverse relationship with discharge 

(R=-0.91, adj. R2=0.828, P=0.004). This is consistent with most streams of similar sizes, 

locations, and elevations but not all (Demars et al., 2019; Argerich et al., 2016; Wallin et al., 

2016).  The relationship found in Snyder Creek is likely due to the dilution of DIC sources (e.g. 

DIC in soil and instream respiration) with increasing precipitation and short residence time due 

to higher discharges (Argerich et al., 2016). CO2 outgassing had an inverse relationship with DIC 

concentration (expanded upon below), a trend that was observed in similar watersheds. The data 

also showed that although the DIC concentrations taken during storms decreased (discharge 

increased) over the course of the study, the non-storm (NS) DIC concentrations stayed constant. 

This suggests that the sources of DIC were not depleted by storm pulses and concentrations were 

able to reaccumulate after being flushed by rapid increases in discharge. 

The lowest DIC concentration in Snyder Creek was 666.8 µmol/kg taken during the peak 

stage of the storm and the highest was 1487.35 µmol/kg taken during a non-storm period, which 

is a 123% increase. This range in concentrations over the course of a storm is similar in 

magnitude to other small streams with rain driven hydrology during this time of year (Demars et 

al., 2019, Argerich et al., 2016). However due to the longer timeline of most stream C studies in 

which measurements were only taken once a week to once a month, there were only a couple of 

studies available that measured DIC concentrations at a similar frequency to this study (Demars 

et al., 2019; Argerich et al., 2016). 
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The composition of DIC species in Snyder Creek was made up of a mean of 88% HCO3, 

12% H2CO3 and <.001% of CO3. The species had relatively consistent values throughout the 

study period with a standard deviation for H2CO3 of ±4%. The fluctuations that did occur were 

strongly correlated with pH. As pH increased, DIC concentrations increased (R= 0.872, R2= 0.7, 

P=.024) as did the proportion of DIC made up of HCO3, and the proportion of H2CO3 decreased 

(R=-0.874, R2= 0.704, P=0.023). This correlation pattern reflects the controls that pH has on 

carbonate system speciation particularly in small low order streams (Wallin et al., 2010). The 

proportion of HCO3 to H2CO3 is also consistent with small headwater streams that have 

relatively high pH levels (>7) (Marx et al., 2017). The low carbonate concentrations suggest that 

Snyder Creek DIC is mostly sourced from biotic respiration and some carbonate dissolution, 

with little silicate dissolution (Marx et al., 207; Wallin et al., 2010). 

CO2 Outgassing 

 

In stream CO2 partial pressure (pCO2wa) calculations were an average of 4.5 times the 

pCO2atm measured at the Nannoos Orca buoy by NOAA’s Pacific Marine Environmental 

Laboratory (Table 6). It is important to note that the buoy is located ~40 miles from the sampling 

site, and therefore the pCO2atm levels are not exact and are only used as an approximation. This 

level of excess CO2 partial pressure of CO2 falls within the range of saturation in small low order 

streams in the Pacific Northwest (Argerich et al., 2016; Ward et al., 2017; Demars, 2017).  The 

rate of CO2 outgassing (F) in Snyder Creek had a strong positive correlation with discharge (R= 

.897, P= .0062) (Figure 18). This result is in line with the majority of studies on stream CO2 

outgassing rates, which also tend to be positively correlated with discharge (Demars et al., 2019, 

Raymond et al., 2016). Consequently, there was a strong negative correlation between the 

outgassing rate and the DIC concentration in Snyder Creek (P=0.037, adj. R2=0.54, R=-0.784. 
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This shows that as discharge increases, and DIC decreases, CO2 outgassing increases. Previous 

studies on small streams show comparable results (Demars et al., 2019; Raymond et al., 2016). 

Although seasonal DIC concentrations increase in the winter and spring season, source 

limitations can result in decreasing concentrations during rapid storm fluxes (Demars, 2019). 

In most stream studies, increased discharge during storm events resulted in decreased 

DIC concentrations and pH; however, pCO2wa concentrations rose resulting in increased 

outgassing (F) (Demars, 2017; Almeida et al., 2017). Despite decreased DIC and pH and 

increased F, PCO2wa did not increase in this study during storm events. In Snyder Creek there 

was a low proportion H2CO3 in DIC even at high discharge, when it increased. It is likely that 

the model used is the reason why F increased with discharge, because the model calculates the 

gas transfer coefficient as a function of velocity (Alin et al., 2012). More specifically, the gas 

transfer coefficient is positively correlated with water velocity, which likely led to the increased 

outgassing rates at high discharges. To obtain precise pCO2wa and F figures in Snyder Creek, 

infield measurements would need to be made for better estimates of the gas transfer coefficient.  

In addition to DIC outgassing, stream respiration of DOC can make a major impact on 

CO2 outgassing (Demars et al. 2019). There was not an observable or statistically significant 

relationship between DOC and outgassing. One sign of substantial DOC respiration is that peak 

outgassing is reached after peak discharge during the falling storm stage (Demars et al., 2019). 

The data does not show that this is occurring in Snyder, but the small amount of outgassing data 

could be obscuring this.  
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Conclusion 
 

There were three main findings in this study that either raised questions about the future 

of C cycling in Snyder Creek and/or differed from other low order streams in the Pacific 

Northwest. Firstly, despite a lack of statistical significance, the high FPOC concentrations at the 

peak stage of the storms highlight the impact that increased storm precipitation has on FPOC in 

Snyder Creek. However, a lower FPOC concentration at the peak of the third storm compared to 

the second and fourth peaks suggests an exhaustion of the most mobile stocks of this fraction of 

C. This raises the question; will more precipitation result in significantly more FPOC transported 

to the stream or will limited FPOC stocks limit stream concentrations? Secondly, mean DOC 

concentrations in Snyder Creek taken during the study were significantly greater than similarly 

characterized streams in the region (Giesbrecht et al., 2022). A possible explanation for these 

results is soil properties and anthropogenic development within the watershed, which would 

require future soil sampling and analysis to confirm along with DOC analysis. These findings 

could help to better understand the anthropogenic impacts on carbon cycling within a watershed. 

Finally, DIC concentration and speciation as well as outgassing were strongly correlated with 

discharge over the course of the storm hydrograph. These findings, which are in line with the 

findings in most low order streams, suggest increases in lateral exports and outgassing if storm 

frequency and intensity increases.  

This study revealed initial insight into patterns of carbon concentration fluctuations in 

Snyder Creek during late winter/ early spring storm pulses that suggest the potential for 

increased exports in the face of heightened storm discharge. However, it is important that further 

in-depth research is conducted to determine if the carbon cycling dynamics change during storm 

pulses that exceed the discharge observed in this study.  
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