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Dissolved organic matter (DOM) is a critical component of the carbon cycle linking 

terrestrial and aquatic ecosystems.  Although many factors influence DOM fluxes and 

quality in rivers, controls on DOM compositions in catchments of the western U.S. are 

poorly understood.  UV and fluorescent spectroscopy is a simpler, faster, and less 

expensive DOM fingerprinting technique compared to techniques, such as nuclear 

magnetic resonance (NMR) spectroscopy or wet chemical fractionation, and could be 

useful for characterizing complex DOM chemistry.  However, only 1 % of DOM is 

estimated to be fluorescent, and the utility of UV and fluorescent spectroscopy for DOM 

characterization needs to be further investigated.  This dissertation applied UV and 

fluorescent spectroscopy to examine hydrologic and land cover controls on DOM 

chemistry in streams of 45 catchments in the forested headwaters and a mixed landscape 

of the Willamette River Basin, Oregon, based on two years of monitoring.  This 

dissertation contributes three major findings.  First, freezing of water alters DOM 

chemistry by preferentially precipitating aromatic DOM.  Second, UV and fluorescent 

spectroscopy was able to discriminate DOM delivered from highly processed, protein-

rich deep subsurface sources during dry seasons especially in forested headwater streams 



of the H. J. Andrews Experimental Forest (HJA), where nitrogen inputs are very low.  In 

addition, fluorescent DOM chemistry differed among watersheds with varying forest 

management history.  Third, although fluorescent DOM in a headwater forested system 

differed among land use history, fluorescent DOM composition did not vary among 

streams draining a well-mixed landscape of urban, pasture/hay, forest, and agricultural 

land cover types in the central Willamette River Basin, where nitrogen inputs to streams 

are relatively high.  Dissolved organic carbon (DOC) concentration decreased and the 

fluorescent index indicated an increase in terrestrial sources of DOM from small (1st and 

2nd order) to large (4th to 6th order) streams.  A protein-like DOM component that was 

detected in the headwater forested study site (HJA) was not detected in stream samples 

from the middle basin study site.  These findings indicate that in-stream respiration, 

fueled by nutrient additions from agriculture runoff, consumes bioavailable, labile DOM 

(proteins) preferentially relative to more recalcitrant, terrestrial sources of DOM along 

water flow paths from headwater streams to major rivers.  This study shows the clear 

applicability of the fluorescent characterization of DOM in identifying hydrologic and 

landscape controls as well as varying DOM chemistry and functions throughout 

watershed ecosystems.    
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1 Introduction 

Dissolved organic matter (DOM) is a critical component of the carbon (C) cycle 

in watershed ecosystems and enters water bodies from various sources.  Surrounding 

lands and soils deliver various types of DOM such as leaf litter to streams (allochthonous 

DOM), and primary producers generates DOM through photosynthesis within streams 

(autochthonous DOM) (Vannote et al. 1980; Allan and Castillo 2009).  Watershed 

characteristics such as topography, climate, hydrology, and land use create unique 

mixture of DOM chemistry in streams (Hudson and Reynolds 2007).  Nonetheless, the 

effect of hydrology and disturbances to lands and soil on DOM chemistry and fluxes in 

streams is poorly understood.  

Chemically diverse DOM components play varying roles in watersheds (Barnes et 

al. 2012).  Labile DOM is bioavailable and fuels ecosystem processes (Cory et al. 2011); 

fulvic acids contribute to metal transport by complexing with copper (McKnight et al. 

2001) and redox reactions (Miller et al. 2006); reactive DOM is a byproduct of drinking 

water disinfection (Weishaar et al. 2003).  Therefore, identifying critical chemical 

properties of DOM may help elucidate factors controlling aquatic ecosystem function.   

Unique chemical structures of DOM compounds create distinctive absorbance and 

fluorescent properties in freshwater samples (Coble 1996; McKnight et al. 2001; 

Weishaar et al. 2003; Cory and McKnight 2005; Stedmon and Bro 2008); for example, 

allochthonous DOM has more abundant aromatic compounds than autochtonous DOM 

because terrestrial vegetation is high in tannins and lignins (McKnight et al. 2001; Allan 

and Castillo 2009).  Such difference in chemical structures of DOM compounds create 

distinctive UV absorbance and fluorescent properties in freshwater samples (Coble 1996; 
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McKnight et al. 2001; Weishaar et al. 2003; Cory and McKnight 2005; Stedmon and Bro 

2008).  UV and fluorescent spectroscopy techniques are simpler, less expensive, and 

faster than the sophisticated DOM characterization using nuclear magnetic resonance 

(NMR) spectroscopy (Dai et al. 1996; Kalbitz et al. 2003) or wet chemical fractionation 

techniques (Yano et al. 2004).  Fluorescent intensities of each sample can be observed in 

3-D excitation and emission matrices (EEMs) to characterize fluorescent properties of 

DOM controlled by unique DOM chemical structures.  EEMs capture the fluorescent 

signature at all combinations of excitation and emission wavelengths.  Fluorescent DOM 

components and the fraction of each component are identified from EEMs with statistical 

analysis, often with a multivariate statistical modeling Parallel Factor Analysis 

(PARAFAC) (Stedmon and Bro 2008).   

Fluorescent characterization of in-stream DOM has been widely studied and 

accepted in recent years to identify and quantify DOM sources in many freshwater 

ecosystems of estuaries, wetlands, lakes in the Antarctica, the high altitude of Colorado, 

and in northern Alaska, headwater forest streams in the eastern U.S., and headwater 

urban streams in the eastern U.S. (Coble 1996; Cory and McKnight 2005; Miller et al. 

2006; Yamashita et al. 2010; Yamashita et al. 2011; Mann et al. 2012; Cawley et al. 

2012b; Hosen et al. 2014).  However, only 1 % of DOM is estimated to be fluorescent 

(Cory et al. 2011).  The potential for utilizing fluorescent DOM to characterize complex 

DOM chemistry is of great interest, and further investigation may help determine the 

applicability of this technique on DOM chemistry characterization in freshwater systems.   

The overall goal of the dissertation was to determine how the information gained 

through UV and fluorescent characterization of in-stream DOM helps understand 
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hydrologic paths and land use disturbance in the Willamette River Basin, Oregon.  The 

specific objectives of each manuscript of the dissertation were as follows:  

The purpose of Chapter 2 was to examine the effect of preserving surface water 

samples frozen at -20 ºC for variable time periods on biogeochemical and optical 

properties. 

The objectives of Chapter 3 were to 1) examine the role of seasonality and 

hydrology on DOM chemistry and 2) observe the effects of forest management history on 

DOM chemistry in pristine, forested headwater streams. 

The objectives of Chapter 4 were: 1) to characterize DOM properties, 2) to 

observe spatial variations of DOM properties, and 3) to examine temporal variations of 

DOM properties driven by seasonal precipitation patterns in the streams of the middle of 

the Willamette River Basin characterized with uniquely mixed land use composition and 

stream orders. 
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2 Preservation method effects on nutrients and optical properties of dissolved 

organic matter in aquatic samples 

B. Lee, A. E. White, and K. Lajtha 
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Limnology and Oceanography: Methods  



 

 

5 

2.1 Abstract  

The use of spectroscopic and fluorescent properties to characterize dissolved organic 

matter (DOM) has increased in recent years as a means to better understand the transport 

and processing of carbon in freshwater ecosystems. Because large numbers of samples or 

samples from remote locations must often be preserved before analysis, various 

preservation methods have been used, including freezing.  This study examined the 

effects of freezing on biogeochemical properties of freshwater samples for time periods 

from two weeks to over six months.  Samples were collected from pristine waters of the 

middle Willamette River Basin in Oregon and analyzed for inorganic nitrogen (NH4
+, 

NO3
-), total dissolved N (TDN), orthophosphate, dissolved organic carbon (DOC), 

specific ultraviolet absorbance at 254 nm (SUVA254), fluorescence index (FI), and 13 

fluorescent DOM components identified by the PARAFAC model of Cory and McKnight 

(2005).  TDN and DOC concentrations, originally less than 0.6 mg L-1 and 8 mg L-1, 

respectively did not change as a result of freezing at -20ºC, suggesting that freezing is an 

adequate preservation method in our study site for these analyses.  However, NO3
- 

declined significantly with freezing.  NH4
+ and orthophosphate in our pristine streams 

were generally under the detection limit, however, orthophosphate often declined after 

freezing possibly attributable to co-precipitation with DOM.  Spectroscopic and 

fluorescent properties of DOM changed after freezing, likely due to precipitation of 

aromatic carbon.  Thus, storing in a refrigerator at 4 oC is recommended for the analysis 

of inorganic N, orthophosphate, and optical properties of DOM of aquatic samples.  
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2.2 Introduction 

Dissolved organic matter (DOM) in freshwater originates from various sources 

including local exudation by riverine primary producers and via microbial decomposition 

of plant biomass and soil organic matter that is subsequently transported to nearby 

streams through hydrologic connections (Allan and Castillo, 2009; Cory et al., 2011). The 

degree and contribution of source, processes, and transport of DOM depend on the 

environment and are controlled by the combination of hydrology, climate, and 

biogeochemistry (Hudson and Reynolds 2007). Thus, understanding DOM characteristics 

is of great interest to watershed scientists. However, characterization of chemical 

properties of DOM using conventional methods, such as nuclear magnetic resonance and 

infrared spectroscopy, are time-consuming and require expensive, specialized equipment, 

and often very large sample volumes.  

Alternative methods to these methods include the characterization of absorbance 

and fluorescent properties of DOM samples, which are faster, less complicated, and less 

expensive.  Specific UV absorbance at 254 nm (SUVA254), or absorbance at 254 nm 

divided by DOC concentrations, has been shown to approximate the percent aromaticity 

of DOM (Weishaar et al. 2003).  Excitation and emission matrices (EEMs) of DOM 

samples are used to characterize fluorescent properties of DOM in a 3D format.  Light is 

absorbed by samples over a specific range of excitation wavelengths; this light is then re-

radiating over a specific range of emission wavelengths (Stedmon and Bro 2008) .  The 

carbon-bonds of individual DOM components have unique fluorescent properties that 

lead to distinctive fluorescent intensities and wavelength characteristics (excitation-
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emission); EEMs allow identification of these DOM components (Stedmon and Bro 

2008).  

Coble (1996) identified several components of DOM from freshwater and marine 

environment including humic-like, tyrosine-like, and tryptophan-like components from 

EEMs. Multiple indices such as fluorescence index (FI) and redox index (RI) were 

developed to better characterize DOM (McKnight et al. 2001; Cory and McKnight 2005).  

FI can be used an indicator of the source of the aquatic samples and was derived by 

characterizing two end members: (1) microbially derived end members refer to the DOM 

derived by autochtonous processes in lakes and ponds of Antarctica and (2) terrestrially 

derived end members refer to the DOM from the environment rich in terrestrial plants 

and soil in creeks and rivers of the U.S. (McKnight et al. 2001). The original FI value 

(McKnight et al. 2001) has been modified for EEMs with instrument specific corrections 

to about 1.55 for microbially derived source and 1.21 for terrestrially derived source 

(Cory et al. 2010a).  RI is used to indicate if the aquatic samples were high in reduced 

quinone-like component (close to 1) or oxidized quinone-like component (close to 0) 

(Cory and McKnight 2005). A Parallel Factor Analysis (PARAFAC), which is a 

multivariate statistical modeling technique, has been utilized to easily separate the 

mixture of DOM in EEMs and characterize each component of DOM (Stedmon et al. 

2003; Cory and McKnight 2005).   Cory and McKnight (2005) have identified 13 unique 

DOM components such as oxidized quinone-like, reduced quinone-like, and protein-like 

components with PARAFAC.   

For freshwater samples that cannot be processed quickly after sampling, freezing 

at -20ºC is a common form of preservation (Motter, 2006; Fellman et al., 2008).  Freezing 
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is also an accepted form of preservation for ocean water where immediate analyses are 

unavailable (Dore et al. 1996). Thus, it is important to understand freezing effects on the 

optical properties of DOM, nutrients, and dissolved organic carbon (DOC).  As freezing 

under natural conditions appears to change the properties of DOM (Mann et al. 2012), we 

might expect properties to change under laboratory conditions as well. 

Fellman et al. (2008) cautioned against freezing of aquatic samples for later 

analysis of DOC for samples with DOC concentrations greater than 5 mg C L-1 and 

SUVA254 greater than 4 L mg-C-1 m-1, arguing that constituents of DOC can precipitate 

following abiotic particle formation in the freezing process.  This study, conducted in 

Alaska, also found a decrease in total dissolved organic phosphorus after freezing of 

wetland water samples because the combination of high DOM and iron concentrations 

resulted in the complexation of DOC with P (Fellman et al. 2008).  However, it is not 

clear if these results would be similar under low DOC, Fe, and P conditions of Oregon. 

The effects of freezing have been examined for select DOM fluorescent 

components, identified in peat-rich rural headwater catchments in the UK (Spencer et al. 

2007) and in urban and rural freshwaters from central England (Hudson et al. 2009).  

Spencer et al. (2007) found shifts in the fluorescence intensity and the peak location of 

DOM components after freezing; this effect was particularly pronounced for tryptophan-

like protein components which are less stable than fulvic and humic-like components 

commonly found in DOM.  Hudson et al. (2009) similarly found decreased peak 

fluorescence intensity in DOM components after freezing, especially for tryptophan-like 

protein component (-34 ± 24 %).   The magnitude of SUVA254 has also been found to 

decrease after freezing, again suggesting that freezing preferentially precipitates the 
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aromatic component of DOM (Spencer et al. 2007; Fellman et al. 2008).  Beyond these 

results, no study has examined freezing effects on the entire suite of 13 fluorescent 

components identified by the PARAFAC analyses of Cory and McKnight (2005) as well 

as the spectrofluorecense indices, FI and RI, especially in pristine environments such as 

rivers in the Pacific Northwest.  

The purpose of this study was to examine the effect of freezing surface water 

samples at -20ºC for variable time periods on the following biogeochemical and optical 

properties: the concentration of DOC, total dissolved nitrogen (TDN), ammonium as 

nitrogen (NH4
+-N), nitrite-nitrate as nitrogen (NO3

- -N), soluble reactive phosphorus 

(PO4
3--P ) as well as SUVA254 , 13 fluorescent DOM components identified by 

PARAFAC (Cory and McKnight 2005), and FI in the area where relatively low DOC 

concentrations were found. We hypothesized that DOC concentrations as well as 

spectrophotometric and spectrofluorometric components would not change significantly 

as a function of storage methods because of low DOC concentrations in Oregon 

compared to those from previous studies.  However, we hypothesized that those samples 

with high aromaticity would decrease in aromaticity because of preferential precipitation.  

We also hypothesized there would be minimal changes in nutrient concentrations 

between preservation methods because inorganic nutrients would not precipitate during 

freezing.   

2.3 Materials and Procedures 

2.3.1.1 Sample Sites 

Stream water samples were collected from seven sites in June 2013, five sites in 

July 2013, five sites in August 2013, and five sites in February 2014 (for a total of 22 
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samples, 13 unique locations) near Corvallis, Oregon in the Willamette River Basin. This 

sampling scheme was chosen to cover a range of seasonal precipitation patterns, capture 

various DOC concentrations, and represent a wide variety of land use types.  The 

common land use types were forest, natural grass, urban, pasture, and agricultural grass 

such as hayfield and grass seed rotation (ISE, 2005, 1999).  Spatial precipitation data 

provided by the PRISM Climate Group (2004) shows the annual average precipitation 

ranged from 1,102 to 1,304 mm yr-1 in the area for the period 1971 to 2000.  During the 

period that the samples were collected for this study, precipitation ranged from 0 to 46 

mm d-1 at the nearest rain gage station (NWS ID: 351813) (Western Regional Climate 

Center, 2014).  The climate of the region is characterized as having a wet winter and a 

dry, warm summer. Stream flow is mainly driven by winter precipitation and snowmelt 

runoff between November and March. 

2.3.1.2 Field and laboratory Procedures 

Samples were collected from the surface of the thalweg, the deepest channel or 

the most natural course of water, with an acid-rinsed sampler consisting of brown one-

liter HDPE NalgeneTM bottles. The sampler was washed with stream water three times 

before each sample collection.  Samples were poured into acid-rinsed and pre-combusted 

(4 hrs at 490 oC) amber glass bottles after pre-rinsing three times with samples. They 

were stored in a dark icebox packed with ice until samples were taken to the laboratory.   

Within about six hours of sampling, each sample was filtered through a pre-

combusted 0.7 µm glass-fiber filters (WhatmanTM GF/F) using an acid-rinsed glass 

filtering system in a darkened room.   One liter of filtered sample was divided into 1) an 

amber glass to be stored in a refrigerator at about 4 oC, 2) a high density polyethylene 
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(HDPE) bottle to be stored in the same refrigerator, 3) a HDPE bottle to be stored in a 

freezer (about - 20 ºC) for a few weeks ranging between 7 and 18 days, and 4) a HDPE 

bottle to be stored in the same freezer for several months ranging between 192 and 372 

days.  Duplicates were prepared every five samples for quality assurance. All the samples 

were brought to room temperature on the laboratory bench prior to analyses.   

All nutrients were measured with a Technicon auto-analyzer.  DOC was measured 

using a Shimadzu TOC-VCSH analyzer.  Only samples collected between June to 

August, 2013 were analyzed for nutrients to examine freezing effects. 

A Cary 300 UV-Visible spectrophotometer was used to measure absorbance.  

Milli-QTM water was used for calibration (Weishaar et al. 2003).  SUVA254 was 

calculated as the ultra-violet absorbance at 254 nm normalized for DOC concentrations 

and reported in L mg C-1 m-1 (Weishaar et al. 2003).  EEMs were measured with a 

Fluorolog® spectrofluorometer (HORIBA Jobin Yvon, Inc.) and collected over an 

excitation range of 250 - 400 nm with 10 nm increments and an emission range of 350 - 

550 nm with 2 nm increments (Cory and McKnight 2005).   EEMs were measured with a 

band slit of 3 nm.  EEM of ultrapure water of Milli-QTM water (Millipore Corporation) 

was measured each field-work day and subtracted from EEMs of samples for calibration 

and to remove Raman scattering effects (Cory and McKnight 2005; Stedmon and Bro 

2008).  The MilliQ EEM was also used to calculate the Raman curve to normalize sample 

EEMs and enable direct comparison of samples from different dates (Lawaetz and 

Stedmon 2009).  EEMs were corrected for instrument specific errors using the correction 

file provided by HORIBA Jovin Yvon, Inc. for the instrument.  If the absorbance of 

samples at 254 nm was higher than 0.2 cm-1, samples were diluted prior to fluorescence 
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measurements to avoid inner-filter effects (Miller et al. 2010). All optical properties were 

measured in dim light. 

Maximum holding times in a refrigerator for each sample were as follows: 48 

hours for inorganic nutrients, 14 days for DOC, and 28 days for TDN following the EPA 

protocol (Morrison Erway et al., 2004).  Absorbance at 254 nm and EEMs were 

measured on the same day within no more than 4 days after collection.  Samples from 

August 2013 and February 2014 that were frozen for months were thawed and processed 

for absorbance within 19 days and for EEMs within 40 days of thawing.  The effect of 

longer holding times should be minimal as Ebert (2013) demonstrated stable FI values 

over a period of five months of refrigerator storage. The average limit of detection was as 

follows: DOC - C = 0.05 mg L-1  (CCAL, 2014), NO3
- -N = 0.02 mg L-1, NH4

+-N  = 0.07 

mg L-1 , PO4
3--P  = 0.04 mg L-1 , TDN = 0.05 mg L-1 .  Samples under these detection 

limits were excluded from analyses.  

To determine if ferric iron (Fe (III)) concentrations, found by Weishaar et al. 

(2003) to significantly influence estimates of SUVA254 by increasing absorbance at 254 

nm, samples were collected on June 24th, 2015 at all the sites except for two sites that 

were dry, and filtered through combusted 0.7 µm filters.  Samples were preserved with 

nitric acid (HNO3) and kept in a refrigerator (4 oC) and processed by the Cooperative 

Chemical Analytical Laboratory on July 16th, 2015.  The total iron concentration ranged 

from 0.02 – 1.02 mg L-1; all but two locations had concentrations less than 0.5 mg L-1 .  

There was no correlation between the total iron concentrations and absorbance at 254 nm.  

Additionally, dissolved iron concentrations are low in oxygenated water of neutral pH 

and much more soluble at low pH in the form of Fe (III) (Drever 1997).  In a mildly 
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alkaline environment such as this study site (Raymond et al. 2002), Fe (III) is sparingly 

soluble (Drever 1997).  Hence, we assumed the Fe (III) effect on SUVA254 was 

negligible.  Additionally, the maximum of NO3
- - N concentrations in our samples was 

0.59 mg L-1, less than the NO3
- - N effect on absorbance at 254 nm observed by Weishaar 

et al. (2003).  Hence, the effect of NO3
- - N on absorbance at 254 nm was determined to 

be negligible for this study.  

2.3.1.3 EEM Analyses 

To characterize and quantify changes in DOM from EEMs measured by a spectro-

fluorometer, the PARAFAC model of Cory and McKnight (2005) was used.  Thirteen 

DOM components identified and examined using the PARAFAC model of Cory and 

McKnight (2005) include reduced quinone-like components (SQ1, SQ2, SQ3, HQ), 

oxidized quinone-like components (Q1, Q2, Q3), tryptophan-like component, tyrosine-

like component, and 4 additional unknown components (Cory and McKnight 2005).  

2.4 Assessment and Results 

When the samples were stored in a refrigerator less than the maximum holding 

times (inorganic nutrients: 48 hours, DOC: 14 days, TDN: 28 days, and absorbance and 

EEM: 4 days), the level of all the parameters was not statistically different between 

amber and HDPE bottles (rank-sum test at the 5 % significant level conducted with 

Matlab®(R2013b)). Therefore, from hereon we only compare analyses of samples stored 

in HDPE bottles.  Unless noted, when frozen samples were compared to initial values 

and/or when percent difference was presented for frozen preservation methods, they were 

compared to those samples stored in a HDPE bottles in a refrigerator and measured 

within the maximum holding times. 
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2.4.1.1 Nutrients 

NH4
+- N levels stored with various methods for our study site were generally 

below the detection limit of standard autoanalysis (69/78 samples < 0.07 mg L-1).  While 

we cannot statistically evaluate the results for the two samples with detectable NH4
+- N 

levels, we note that freezing for a period of a few weeks to months resulted in a  ± 4 % 

and – 17 % change, respectively, from initial concentrations stored in a refrigerator.  

NO3
-  -N concentrations generally declined with increased freezer storage time 

(Figure 1).  The percent change was greater on average for samples having initial 

concentrations less than 0.1 mg L-1.  Over a period of up to a year, NO3
-  -N 

concentrations declined on average by 33.9 % from initial values.  When February 2014 

samples were compared between freezing for weeks versus months, the average percent 

change decline was 29.6 %.   

Frozen TDN was highly correlated with the original values as indicated by a 

simple linear regression (Figure 2).  For week-long freezer preservation, the percent 

change ranged between 0.4 and 21.8 % while the average was 6.3 %.  For 6 out of 17 

samples, a month of freezing caused concentrations to drop below the detection limit.  

The percent change ranged between 0.1 and 36.7 % while the average was 9.3 %.  When 

February 2014 samples were compared between freezing for weeks and months, the 

percent change ranged between 5.0 and 46.2%.  

Initial PO4
3--P concentrations were generally below detection limit (11/17 samples 

< 0.04 mg L-1).  Initial concentrations of only six samples were above the detection limit, 

and all were below 0.1 mg L-1.  The percent loss of those samples ranged between 14.0 

and 39.1 % for a week-long freezing and 1.7 and 45.0 % for a month-long freezing.  
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2.4.1.2 DOC 

For most samples, changes in DOC concentrations were small and concentrations 

mostly decreased when stored in a freezer for a few weeks compared to samples stored in 

a refrigerator and processed within the recommended holding times (percent absolute 

difference varied between 1.0 and 14.6 %, Figure 3).  The average absolute percent 

difference was 5.5 %.  When frozen for many months, the absolute percent difference 

was also small ranging between 1.4 and 9.5 % (and mostly decreased) while the average 

absolute percent difference was 5.7 %.  

2.4.1.3 DOM optical properties 

SUVA254 of most samples (16/22 samples, 73 %) decreased by 3 to 53 % when 

frozen for a week (Figure 4).  Similarly, SUVA254 of most of the samples (17/22 samples, 

77 %) decreased by 5 to 57 % when frozen for months, from initial values of 2.2 to 13.6 

L mg C-1 m-1  to 3.3 to 6.4 L mg C-1  m-1  when frozen for months.  

FI did not change for a week-long freezing (Figure 5); the absolute percent 

difference was less than 7.1 % while the average was 1.9 %.  The majority of samples 

experienced small increases in FI for a month-long freezing; the absolute percent 

difference was less than 2.6 % while the average was 1.1 %.  

The percent oxidized quinone-like components (Q1, Q2, Q3, the average of 12 % 

combined) did not change with preservation.  However, the most dominant component, 

HQ (a reduced quinone-like component), decreased significantly when frozen (Figure 6).  

A similar trend of decreased values after freezing was observed for RI.  The percent of 

other reduced quinone-like components (SQ1, SQ2, SQ3) increased after freezing; 

however, each of these components makes up less than 3 % of the total fluorescing 
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DOM.  This increase after freezing was common among other components that represent 

a small proportion of fluorescing DOM.  For percent protein (the sum of tyrosine and 

tryptophan components), a decrease was observed after freezing (Figure 7).   

2.5 Discussion 

Although TDN concentrations remained stable after freezing, NO3
- - N 

concentrations declined with increasing length of frozen preservation.  Some of the 

highest percent changes were attributed to the low level of original concentrations.  

Although minimal nutrient losses were found after long-term freezing of freshwater 

(Avanzino and Kennedy, 1993) and seawater (Dore et al., 1996), it is possible that 

freezing is more significant for samples with low initial concentrations.  Although protein 

is known to precipitate with tannins to form relatively insoluble complexes, it seems 

unlikely that the decrease in nitrate is due to co-precipitation with organic constituents, 

but might be related to salt co-precipitation (Huber et al. 2012).  In contrast to a previous 

study (Fellman et al. 2008), we found minimal changes in  DOC concentrations following 

freezing for up to one year; the average percent difference from initial values was about 6 

% when stored in a freezer. This low value is not because our samples contained low 

aromaticity of SUVA254  (< 4 L mg-C-1 m-1) and preventing aromatic DOC from being 

preferentially removed during freezing as suggested by Fellman et al. (2008).  In fact, 

both our initial DOC and SUVA254 levels varied significantly (Table 1), yet DOC 

concentrations remained relatively constant for this study site with freezing. If our 

findings can be extrapolated to similar freshwater environments, we would recommend 

that the recommended maximum duration of freezer preservation for DOC be relaxed to 

at least one year.     
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Because FI and percent aromaticity are inversely related (McKnight et al. 2001), 

an increase in FI in frozen samples indicates that samples became less aromatic.  Coupled 

with a decrease in SUVA254 in frozen samples, these observations indicate that aromatic 

DOM precipitated preferentially during the freezing process and did not re-dissolve when 

returned to room temperature.  Although DOC concentrations did not vary among 

preservation methods, the optical properties of DOM changed depending on preservation 

methods.   For study sites with highly aromatic DOM (SUVA254 higher than 5 L mg-C-1 

m-1), we caution against freezing samples.  SUVA254 can be used as a criteria to decide 

whether or not freezing is a proper preservation technique at individual study sites. 

Oxidized quinone-like components did not vary significantly because initial 

oxidized quinone proportions were low and have a lower aromaticity compared to 

reduced quinone-like components (Cory and McKnight 2005). The reduced quinone-like 

component, HQ, which was the most dominant component for this study site (an average 

of 30 % of fluorescent DOM), showed a significant decrease after freezing, likely 

because of its high aromaticity (Cory and McKnight 2005).  The decrease in percent 

protein, the ratio of SQ1 to SQ1 and SQ2, and RI can also be explained by aromatic 

components’ preferential precipitation during freezing.  Large, high molecular weight, 

hydrophobic DOM components such as lignin and tannins are most subject to 

precipitation with freezing (Scheel et al. 2007) and these components are also likely 

aromatic.  

Additionally, DOM with high molecular weight such as aromatic compounds with 

carboxyl groups is easy to precipitate because Al adsorbs to carboxyl groups and the 

combined weight of carboxyl groups and aromatic compounds promote precipitations 
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(Scheel et al. 2007; Scheel et al. 2008). Such combination of carboxyl and aromatic 

groups is commonly generated during the decomposition of lignin (Scheel et al. 2008). 

The size of precipitated DOM for the study conducted by Scheel et al. (2008) was larger 

(3-1 10 µm) than the filter pore size used for this study.  The aromatic DOM precipitation 

found in filtered water samples during freezing could have been less if the Willamette 

River Basin was high in Al, DOM, and SUVA254, which result in large size of DOM 

precipitates.  Thus, measuring Al and pH of samples along with aromaticity and DOC 

concentrations for this type of analysis for future studies would help constrain the 

potential causes of variable DOM preservation.   

2.6 Conclusions 

Although researchers should remain cautious, this study shows that freezing does 

not affect TDN concentrations significantly at least for a year. However long-term 

storage at freezing temperatures did result in the decrease in NO3
- - N concentrations and 

should be avoided as a preservation method.  When frozen less than 18 days, this 

decrease in NO3
- - N concentrations was minimal.  While we have shown that DOC 

concentrations remain stable after months of freezing, we confirm previous findings 

regarding optical properties of DOM and freezing alters the compositional nature of 

DOM.  This is because aromatic DOM preferentially precipitates while freezing  

Thus, to decide whether or not freezing is an appropriate preservation method 

depends on one’s study site context.  Although it is best to avoid freezing samples for 

nutrients, DOC, and fluorescent DOM analyses, if extended storage is necessary, testing 

the preservation method is highly recommended.  It is worth noting that FI did not change 

significantly after five months in a refrigerator in one study (Ebert, 2013); thus, it is 
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highly recommended to store samples in a refrigerator for the analyses of DOM optical 

properties.  Additional factors such as temperature, quenching by metals (Weishaar et al. 

2003; Poulin et al. 2014), pH (Spencer et al. 2007; Poulin et al. 2014), and changes in 

bond structures contribute to the change in the optical properties of DOM.  These 

environmental changes make interpretation of DOM optical properties challenging and 

the preservation methods add another layer of complexity.   

These changes in DOM optical properties suggest that we need to consider the 

effects of natural freezing in ecosystems on DOM chemical characteristics.  SUVA254, 

percent protein, and reduced quinone-like components will most likely be reduced once 

water is frozen if there is high aromaticity, although the percent decrease may be highly 

dependent on DOM source.   For example, an aquatic environment rich in Al may have 

precipitated large DOM particles along the course of water flow in soil or during 

filtration and may not have much left in solution to precipitate.  Accordingly, it may not 

be appropriate to directly compare DOM optical properties of ice-cores to nearby 

seawater that has never been frozen.  Additionally, samples may appear to decrease in 

aromaticity during a freezing winter storm, but this may not necessarily mean the 

aromatic components of DOM decreased in the environment.  There may be a high 

proportion of aromatics after a long freezing event followed by a warm strong flushing 

event because precipitated DOM during the freezing season is mobilized.  
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2.9 Table 

Table 1: The summary of initial sample concentrations stored in HDPE bottles in a 
refrigerator 
Nutrients and DOC: mg L-1, SUVA254: L mg-C-1 m-1  
 
 NH4

+-N  NO3
-  -N TDN PO4

3--P  DOC SUVA254  
Minimum 0.04 0.02 0.05 0.02 1.0 2.2 
Maximum 0.12 0.59 0.59 0.08 7.9 13.6 
Average 0.09 0.13 0.15 0.04 2.6 5.4 
Standard 
Deviation 

0.04 0.17 0.14 0.03 1.9 2.7 

Median 0.11 0.06 0.09 0.04 1.8 4.5 
 
  



 

 

31 

2.10 Figures 

 
Figure 1: Comparison of NO3

- - N concentrations (mg L-1) stored in HDPE bottles in a 
refrigerator (initial concentrations) against stored in 1) Amber bottles in a refrigerator (y 
= 1.01x; R2 = 1.00), 2) HDPE bottles in a freezer for a few weeks (FZWK) (y = 0.99x; R2 
= 1.00), and 3) HDPE bottles in a freezer for months (FZMO) (y = 0.71x; R2 = 1.00).  
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Figure 2: Comparison of TDN concentrations (mg L-1) stored in HDPE bottles in a 
refrigerator (initial concentrations) against stored in 1) Amber bottles in a refrigerator (y 
= 0.99x; R2 = 0.99), 2) HDPE bottles in a freezer for a few weeks (FZWK) (y = 0.97x; R2 
= 0.99), and 3) HDPE bottles in a freezer for months (FZMO) (y = 1.08x; R2 = 0.98).  
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Figure 3: Comparison of DOC concentrations (mg L-1) stored in HDPE bottles in a 
refrigerator (initial concentrations) against stored in 1) Amber bottles in a refrigerator (y 
= 1.01x; R2 = 1.00), 2) HDPE bottles in a freezer for a few weeks (FZWK) (y = 0.96x; R2 
= 1.00), and 3) HDPE bottles in a freezer for months (FZMO) (y = 0.93x; R2 = 1.00).  
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Figure 4: Comparison of SUVA254 (L mg-C-1 m-1) stored in HDPE bottles in a refrigerator 
(initial values) against stored in 1) Amber bottles in a refrigerator (y = 0.98x; R2 = 1.00), 
2) HDPE bottles in a freezer for a few weeks (FZWK) (y = 0.71x; R2 = -1.47), and 3) 
HDPE bottles in a freezer for months (FZMO) (y = 0.67x; R2 = -1.13).  

0 

3 

6 

9 

12 

15 

0 3 6 9 12 15 

SU
VA

25
4 o

f v
ar

io
us

 s
to

ra
ge

 m
et

ho
ds

 (L
 m

g-
C

-1
 m

-1
 ) 

Initial SUVA254 (L mg-C-1 m-1 ) 
1:1 line Amber FZWK FZMO 



 

 

35 

 
Figure 5: Comparison of FI stored in HDPE bottles in a refrigerator (initial value) against 
stored in 1) Amber bottles in a refrigerator (y = 1.00x; R2 = 0.95), 2) HDPE bottles in a 
freezer for a few weeks (FZWK) (y = 1.02x; R2 = 0.88), and 3) HDPE bottles in a freezer 
for months (FZMO) (y = 1.01x; R2 = 0.52).  
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Figure 6: Comparison of HQ (%) stored in HDPE bottles in a refrigerator (initial %) 
against stored in 1) Amber bottles in a refrigerator (y = 0.99x; R2 = 1.00), 2) HDPE 
bottles in a freezer for a few weeks (FZWK) (y = 0.81x; R2 = -0.40), and 3) HDPE bottles 
in a freezer for months (FZMO) (y = 0.82x; R2 = -0.70).  
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Figure 7: Comparison of Protein (%) stored in HDPE bottles in a refrigerator (initial 
value) against stored in 1) Amber bottles in a refrigerator (y = 1.00x; R2 = 0.99), 2) 
HDPE bottles in a freezer for a few weeks (FZWK) (y = 0.87x; R2 = 0.93), and 3) HDPE 
bottles in a freezer for months (FZMO) (y = 0.89x; R2 = 0.45).  
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3.1 Abstract  

Dissolved organic matter (DOM) is a critical component of the carbon cycle linking 

terrestrial and aquatic ecosystems.  Although many factors have been identified as 

influencing DOM fluxes and biochemical quality in rivers with different land cover 

types, controls on DOM composition in forested headwater catchments of the western 

U.S. are poorly understood.  This study examined the effect of hydrologic patterns and 

forest management history on in-stream DOM chemistry at watersheds located in the H.J. 

Andrews Experimental Forest of the Oregon Cascades.  Specific UV absorbance at 254 

nm (SUVA254), generally indicative of aromaticity, increased in streams during storms 

with increasing terrestrial DOM inputs.  The relative proportion of a protein-like DOM 

fluorescent component, identified with Parallel Factor Analysis (PARAFAC), exhibited 

temporal and spatial variations.  Correlation analysis between the protein-like DOM and 

hydrologic patterns, SUVA254, and DOC suggest that stream water during dry seasons 

come from increased in-stream microbial processing and protein-rich subsurface sources, 

indicative of more microbially-processed sources for DOM compared to more plant-like 

surface soil sources observed during high flow.  The proportion of the protein-like DOM 

was also influenced by the abundance of coarse woody debris (CWD), not live tree 

biomass, and was low among reference watersheds rich in humic-like DOM.  The base 

flow index (the proportion of base flow to total flow) also explained the relative 

proportion of protein-like DOM.  This study shows UV and fluorescent spectroscopy is a 

viable finger printing method to elucidate DOM sources in pristine headwater streams at 

the western Cascades of Oregon.    



 

 

40 

3.2 Introduction 

Dissolved organic matter (DOM) is a critical component of the global carbon (C) 

cycle linking the terrestrial and aquatic ecosystems through in-stream microbial 

metabolism of terrestrial DOM emitting carbon dioxide from freshwater systems (Battin 

others 2008).  Although headwater streams make up the longest river length (53 %) in the 

U.S. excluding Alaska (Nadeau and Rains 2007), little is known about the contributions 

of small headwater streams to the global C cycle (Cole et al. 2007; Raymond et al. 2013).  

To better characterize this role, it is important to understand hydrologic pathways 

transporting DOM from terrestrial to aquatic ecosystems in headwater watersheds.  It is 

largely known that DOM transport from small watersheds increase with storm and 

snowmelt (Meyer and Tate 1983; Frank et al. 2000; Raymond and Saiers 2010; Wilson et 

al. 2013).  Similarly, DOM compositions may change under different hydrologic 

scenarios.  For example, Wilson and others (2013) found that bioavailable, less 

recalcitrant DOM increased with storm events.  However, during storm events, van 

Verseveld and others (2008) saw increases in specific UV absorbance at 254 nm 

(SUVA254), widely used as an indicator of aromaticity of DOM samples (Weishaar et al. 

2003) and potentially indicative of more recalcitrant DOM.  Further examining changes 

in DOM chemistry with hydrologic events may help to better characterize DOM transport 

in small headwater streams.   

Fingerprinting fluorescent spectroscopy techniques can be used to identify DOM 

chemistry in freshwater samples using optical signals created by unique chemical 

structures of DOM (McKnight et al. 2001; Weishaar et al. 2003).  Chemical structures 

and quantities of DOM create unique 3-D fluorescent spectra at distinctive wavelengths 
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defined as excitation and emission matrices (EEMs) (Stedmon and Bro 2008).  The 

matrices are a complex combination of DOM fluorescent signals.  Identification of the 

chemical structure of the DOM components from the EEMs require statistical analysis, 

e.g. a multivariate statistical parallel factor analysis (PARAFAC) modeling and principal 

component analysis (PCA) (Stedmon and Bro 2008).  Output from a PARAFAC model 

results in percentages of DOM signals or identified components, which makes 

PARAFAC more advantageous for looking at DOM characteristics in natural waters than 

PCA (Stedmon and Bro 2008).  Fluorescent spectroscopy with PARAFAC has been 

widely used recently to identify and quantify DOM sources in many freshwater 

ecosystems (Stedmon et al. 2003; Cory and McKnight 2005; Cawley et al. 2012a; Hosen 

et al. 2014).  Fluorescent DOM components have been associated with varying land uses, 

landscape features, or effluent sources (Stedmon et al. 2003; Cawley et al. 2012a; Hosen 

et al. 2014).  Redox states of quinone-like components have been identified in disparate 

ecosystems of the Arctic, the Antarctic, Botswana, and Colorado (Cory and McKnight 

2005).  Technically simple and relatively rapid fluorescent spectroscopy can be useful 

compared to more complicated and expensive infrared (IR) or nuclear magnetic 

resonance (NMR) spectroscopy to determine DOM chemistry (Cory et al. 2011).     

Studies from eastern forests indicate that DOM optical properties vary seasonally 

and respond to forest management.  In the Coweeta Experimental Forest located in 

western North Carolina, increased amounts of a protein-like component in forested 

headwater streams in the early summer and fall were attributed to higher biological 

activity in the forest floor and/or riparian zone (Yamashita and others 2011).  In the 

Hubbard Brook Experimental Forest in New Hampshire, streams in previously harvested 
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forests had lower dissolved organic carbon (DOC) concentrations and a higher protein-

like fluorescence component compared to reference streams (Cawley et al. 2014).  These 

studies were conducted on the East Coast of the U.S. where forests and streams have 

received relatively high inputs of acidity and pollutants (Evans et al. 2005; Monteith et al. 

2007) that can affect both fluxes and composition of DOM.  Controls on DOM chemistry 

in forested headwater ecosystems of the Pacific Northwest with different environment, 

climate, and forest types compared to the East Coast are less well studied, and it is not 

clear if they will respond in similar ways to land management and climate variability.    

This study was conducted in nine experimental watersheds containing old-growth 

forest (450-yr-old) and regenerating (50 to 60-yr-old) forest in the H.J. Andrews 

Experimental Forest (HJAEF) in Oregon.  At the HJAEF, DOM chemical 

characterization has been limited to the fluorescent index (FI) (McKnight et al. 2001) 

and/or SUVA254 during storm events in the limited number of watersheds (Hood et al. 

2006; van Verseveld et al. 2008; van Verseveld et al. 2009).  Hood and others (2006) and 

van Verseveld and others (2008) found in-stream DOC was more aromatic during storm 

events, compared to base flow season.  Hood and others (2006) did not see the variation 

in FI during a week-long storm event.  van Verseveld and others (2009) found declining 

SUVA254 in soil water from an organic layer, shallow subsurface flow, deep subsurface 

flow and stream water, to deep groundwater, respectively.  Shallow, mineral soils 

preferentially adsorb aromatic and carboxyl DOM (Kaiser et al. 1997).  This results in 

deep soil layers with highly hydrophilic, more microbially processed, labile DOM (i.e. 

less aromatic DOM) (Lajtha et al. 2005), and thus  deep soils may be sources of 

bioavailable and protein-like, DOM to streams.  Hence, DOM aromaticity and 
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recalcitrant DOM in streams may be high (high SUVA254) during high flow events, when 

dominant flow paths at the HJAEF are characterized by shallow subsurface flows, 

whereas bioavailable and protein-like DOM in streams may be high (low SUVA254) 

during low flow periods, when flow is dominantly through deep mineral soil horizons   

Moreover, optical properties of DOM may reflect seasonal shifts in dominant hydrologic 

flow paths, as well as shifts in the character of forest floor DOM associated with 

disturbance. 

The objectives of this study were to 1) examine the role of seasonality and 

hydrology on DOM chemistry and 2) investigate the potential role of forest management 

history on DOM chemistry using UV and fluorescent spectroscopy.  We hypothesized 

that the proportion of aromatic and terrestrial DOM in streams would be higher during 

high flow compared to base flow conditions and in watersheds with a low base flow 

index (BFI) (Santhi et al. 2008), as a result of shifts in dominant flowpaths from deep 

subsurface flow (in summer, between storm events, and in low-gradient watersheds) to 

shallow subsurface flow (in winter, during storm events, and in steep watersheds).  We 

also predicted that DOM in streams draining watersheds whose coarse woody debris 

(CWD) pools have been depleted by forest harvest in the last 50 to 60 years, would have 

lower SUVA254 and a lower proportion of humic-like DOM, but greater relative 

percentages of protein-like, bioavailable and more labile DOM components, compared to 

old-growth watersheds.     
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3.3 Materials and Methods 

3.3.1 Sample Sites 

This study examined stream water samples collected between May 2013 and June 

2015 (36 events) at the H. J. Andrews Experimental Forest (HJAEF) located in the 

western Cascades of Oregon (Figure 8).  The forest is a 6,400-ha LTER site and 

encompasses the forested Lookout Creek watershed filled with old-growth Douglas fir 

and western hemlock (400 – 500 years) (Swanson and Jones 2001; Vanderbilt et al. 

2003).  The stream water data were collected as a part of the long-term water quality 

monitoring effort started in 1968 (Swanson and Jones 2001).   

The climate of the HJAEF is marine temperate and characterized by dry, warm 

summers and wet, cool winters (Figure 9) (Swanson and Jones 2001).  Elevation ranges 

between 434 and 1627 m (H.J. Andrews Experimental Forest 2015), which contributes to 

different precipitation patterns within the forest (Vanderbilt et al. 2003).  The average 

annual precipitation is about 2,500 mm, falling mainly as rain, and a seasonal snow pack 

accumulates above 1000 m (Swanson and Jones 2001). 

The experimental watersheds observed for this study were seven headwater 

watersheds (WS) 1, 2, 6, 7, 8, 9, and 10 as well as the Mack Creek (MACK, 3rd order) 

and Lookout Creek (LOOK, 5th order) watersheds (Figure 8, Table 2).  All the 

experimental watersheds except 1, 9, and 10 are nested within LOOK.  Each watershed 

underwent various forest management practices.  Northwest-facing WS 1 and 2 are 

adjacent to each other; WS 1 was clear-cut between 1962 and 1966 and slash was burned 

in 1966, and WS 2 is a reference watershed with old-growth forest.  South-facing WS 6 

and 7 are adjacent to each other; WS 6 was clear-cut and slash was burned in 1975, WS 7 
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received two canopy removal treatments (60 % selective-cut in 1974 and the removal of 

the remainder of the canopy in 1984), and WS 8 is the reference watershed for WS 6 and 

7.  West-facing WS 9 is the reference watershed for west-facing WS 10 that was clear-cut 

in 1975 with no burning.  The northwest-facing MACK has not been altered significantly 

aside from moderate cutting (13 % est.) between 1957 and 1982 and fire that occurred 

120 years ago (H.J. Andrews Experimental Forest, 2015).  Approximately 25 % of the 

west-facing LOOK has been patch-cut between 1948 and present.  Coarse woody debris 

(CWD) stocks within watersheds were measured by Fasth and others (Unpublished Data) 

(Table 3). 

3.3.2 Field methods 

Composite samples of stream water are collected at three-week intervals at gaging 

stations located at the outlet of experimental watersheds as part of the HJAEF long-term 

water quality monitoring site.  The sampling method is detailed at 

(http://andrewsforest.oregonstate.edu/lter/; Johnson 1984).  Samples collected by 

automated samplers at each experimental watershed are collected weekly and stored in 

five gallon polyethylene carboys in a refrigerator (about 4 oC) or stayed at gaging stations 

for up to three weeks during cold months (November through March) before being 

transported to the Cooperative Chemical Analytical Laboratory (CCAL) at Oregon State 

University every three weeks.  

3.3.3 Laboratory methods 

Analyses for nutrient and DOC were conducted by CCAL; the laboratory methods 

are described at (http://andrewsforest.oregonstate.edu/lter/).  Samples were filtered 

through GF/F filters (0.7 µm), poured into acid-rinsed and pre-combusted (4 hrs at 490 
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oC) glass vials, and stored in a dark refrigerator (0 – 4 oC) until analysis.  Inorganic 

nitrogen (N) species, nitrate-N (NO3
-
 - N) and ammonia-N (NH3-N), and total dissolved 

nitrogen (TDN) were measured with a Technicon auto-analyzer II and DOC were 

measured with a Shimadzu TOC-VCSH combustion analyzer.  The concentrations of 

DON are obtained by subtracting dissolved inorganic nitrogen N (NO3
--N and NH3

+-N) 

from TDN.  The ratio between DOC and DON (DOC:DON) was used as an indicator of 

microbial influence.  The method detection limits were as follows: DOC = 0.05 mg L-1, 

NO3--N = 0.001 mg L-1, NH3
+-N = 0.010 mg L-1, and TDN = 0.01 mg L-1 (CCAL 2014).  

Samples under the detection limit were reported as the measured value.  

The optical properties of the samples, absorbance at 254 nm (Abs254) and 

excitation and emission matrices (EEMs), showing fluorescent spectra at the distinctive 

combinations of excitation and emission wavelengths, were both measured on the same 

day within 14 weeks of sample collection dates at the HJAEF.  The effect of varying 

holding times is assumed to be minimal for this study, as no significant spectral change 

for DOM was observed in samples stored for two months in a refrigerator storage (Jaffé 

et al. 2008).  The fluorescent index (FI), developed as an indicator of terrestrial versus 

microbial sources (McKnight et al. 2001), stayed stable throughout a five-month 

refrigerator storage experiment (Ebert 2013), and absorbance, EEMs, and FI remained the 

same for 70 days for samples collected downstream of this study site (B. Lee, K. Lajtha, 

J. Jones, A. White, Unpublished Manuscript).    

Absorbance over a range of 240 – 560 nm was measured with a Cary 300 UV-

Visible spectrophotometer to obtain SUVA254 and to correct EEMs for the inner-filter 

effect (Lakowicz 2006; Miller et al. 2010).  Values of SUVA254 (L mg C-1 m-1) were 
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calculated as UV absorbance at 254 nm (Abs254) normalized for DOC concentrations 

(Weishaar et al. 2003).  Samples with Abs254 greater than 0.2 cm-1 were diluted to avoid 

inner-filter effects before EEMs measurements (Miller et al. 2010).  The inner-filter 

effect was not corrected for samples between May 2013 and October 1st, 2013 because 

Abs254 values of all the samples collected during the period were less than 0.2 cm-1 so the 

range of absorbance necessary for inner-filter correction was not measured.  However, 

samples collected between October 23rd, 2013 and April 2014 were compared for the 

inner-filter effect.  There was no difference for FI and protein identified by the Cory and 

McKnight (2005) PARAFAC model (R2 = 1.0 and 0.99, respectively) between inner-

filter corrected samples and non-inner-filter corrected samples because Abs254 of samples 

was less than 0.2 cm-1.   

Excitation and emission matrices (EEMs) were measured over an excitation range 

of 250 - 400 nm with 10 nm intervals and an emission range of 350 - 550 nm with 2 nm 

inervals with a band slit of 3 nm by a Fluorolog® spectrofluorometer (HORIBA Jobin 

Yvon, Inc.) (Cory and McKnight 2005). An EEM of Milli-QTM water was subtracted 

from EEMs of samples for removing Raman scattering effects (Cory and McKnight 

2005; Stedmon and Bro 2008).  The MilliQ EEM was also used to calculate the Raman 

curve to normalize sample EEMs and report EEMs in Raman units (R.U., nm-1) and 

enable the direct comparison of samples from different dates (Stedmon et al. 2003; 

Lawaetz and Stedmon 2009).  The EEMs were corrected for instrument-specific errors 

using the correction file provided by HORIBA Jovin Yvon, Inc.  All optical properties 

were measured while the lights above the instruments were turned off.  The Milli-QTM 

water (Millipore Corporation) was used to calibrate samples for both Abs254 and EEMs.    
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3.3.4 EEM Analysis 

The original FI scale (McKnight et al. 2001) has been modified for EEMs with 

instrument-specific corrections by Cory and others (2010), and the updated FI (EM 470 

nm / EM 520 nm at EX 370 nm) was used for our analyses.  The updated FI values of 

1.46 or greater are reported to indicate microbially derived sources, and 1.21 or lower to 

indicate terrestrially derived sources (McKnight et al. 2001; Cory et al. 2010b).  A FI 

value difference of 0.1 can be used to indicate a different DOM source (McKnight et al. 

2001). 

Characterization and quantification of fluorescent DOM from a total of 322 EEMs 

was conducted with the PARAFAC model using the DOMFluor Toolbox (ver. 1.7) 

(Stedmon and Bro 2008) and the N-way Toolbox (ver. 3.31) (Andersson and Bro 2000) 

with MATLAB® (ver. R2013b).  The model was validated with split half analysis 

(Stedmon and Bro 2008).  Four components identified by the PARAFAC were visually 

compared to the components determined by previous studies (Figure 10, Table 4).  

Correlation among DOM parameters was calculated using Pearson’s r with SPSS (v. 22) 

for samples collected from May 2013 to June 2015 (322 samples).   

3.3.5 Hydrological Analysis 

In order to investigate the effect of soil moisture and flow rate on DOM 

characteristics, the average daily flow rate was summed for the sampling collection date 

as well as three days (Qsum3), 14 days (Qsum14), 21 days (Qsum21), and 30 days 

(Qsum30) prior to the sampling collection date.  Stream flow is measured at MACK, WS 

1, 2, 6, 7, 8, 9, and 10 using trapezoidal flumes and automated stage height recorders; 

data were obtained from the HJAEF (http://andrewsforest.oregonstate.edu/lter/).  Stream 
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flow at Lookout Creek is measured using an automated stage height recorder at a 

controlled section; data were obtained from the U.S. Geological Survey (USGS; 

http://waterdata.usgs.gov/nwis/uv?).  Missing values were estimated as the average 

stream flow of the previous and following day.  Regression analysis was conducted on 

DOM optical parameters against Qsum3, Qsum14, Qsum 21, and Qsum30 using SPSS (v. 

22).  The base flow index (BFI) was calculated for the study period at each watershed 

using the lfstat package in R (v 3.1.1.) (Gustard and Demuth 2009) to examine the base 

flow influence on DOM chemistry.   

3.4 Results 

3.4.1 DOM Components 

Four fluorescent DOM components were identified with the PARAFAC model 

created for the study site (Table 4, Figure 10).  Components 1 to 3 (C1 – C3) were 

visually associated with previously identified humic-like components; C1 and C2 were 

humic-like components commonly found in forested streams (Stedmon et al. 2003; 

Stedmon and Markager 2005).  The EEM region of C3 has been previously associated 

with fulvic acid, commonly found in all types of environments (Stedmon and Markager 

2005).  Component 4 (C4) was visually associated with an EEM region identified as a 

protein-like or, more specifically, a tryptophan-like EEM signal (Coble 1996; Cory and 

McKnight 2005; Yamashita et al. 2011).  This EEM region also has been associated with 

protein-rich, autochtonous DOM sources (Stedmon and Markager 2005). 

3.4.2 Correlations of DOM Components with Other Parameters 

DOC concentrations ranged between 0.3 and 4.0 mg L-1 with an average of 1.2 

mg L-1 and showed a positive and strong correlation (r > 0.5, α = 0.01) with the 
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percentage of DOM components 1 and 2 (C1 (%) and C2 (%)) and a negative and strong 

correlation with C4 (%) (r = - 0.6, α = 0.01) (Table 5 Table 6).  The concentrations of 

DON ranged between 0.00 and 0.12 mg L-1 with an average of 0.03 mg L-1 and was 

moderately and positively correlated with C1 (%) and C2 (%) (r = 0.3 – 0.5, α = 0.01) 

and moderately and negatively correlated with C4 (%) (r = -0.47, α = 0.01).  The ratio of 

DOC to DON ranged between 9.3 and 288.3, with an average of 41.9 and was not 

correlated with the percentages of any DOM components identified from the PARAFAC 

model (Table 5 Table 6).  Values of SUVA254 was strongly and positively correlated with 

C1 (%) and C2 (%) (r > 0.5, α = 0.01) and strongly and negatively correlated with C4 (%) 

(r = -0.53, α = 0.01).  C4 (%) and the biomass of coarse woody debris (CWD) were 

negatively and strongly correlated (r = -0.72, α = 0.07) (Figure 11). 

3.4.3 Temporal Variations 

3.4.3.1 DOM optical properties 

The FI did not vary significantly among reference watersheds over the sampling 

season; however, FI at harvested watersheds (WS 1, 6, 7, and 10) increased during low 

flow seasons and warm months compared to high flow seasons and cold months (Figure 9 

&Figure 12a, Table 5 &Table 6).  FI increased to 2.1 in October 2014 at MACK (not 

shown on the figure).   

SUVA254 ranged between 0.2 and 8.1 L mg-1 m-1 with an average of 3.5 L mg-1 m-

1 (Figure 12b).  Overall, WS 6 and 10 showed the lowest and highest SUVA254 

throughout the study period, respectively (average = 2.1 and 4.4 L mg-1 m-1, 

respectively).  
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The temporal variations of C1, C2, and C3 in absolute Raman units (R.U.) were 

similar to the temporal variations in DOC concentrations especially during the first storm 

event of the high flow season.  When a harvested watershed and its corresponding 

reference watershed were compared, the absolute C1, C2, and C3 in R.U. were lower in 

harvested, WS 6, 7, and 10, than their reference watersheds (WS 8, 8, and 9, respectively) 

(Figure 13).  The absolute C1, C2, and C3 in R.U. were similar in WS 1 (harvested) and 2 

(reference).  Values for C4 in absolute R.U. were similar between all combinations of 

harvested and reference watersheds.    

The relative contribution of C1 (%) decreased over summers at some sites (WS 6 

– 8) (Figure 12c).  The relative contributions of C2 (%) and C3 (%) had low temporal 

variability and remained near average values of 19 % and 27 %, respectively (Table 5, 

Figure 12d - e).  The relative contribution of a tryptophan-like component, C4 (%), 

showed the most temporal variation among the four fluorescent components (Figure 12f), 

ranging between 14 and 46 % with an average of 26 %; mean C4 (%) was the lowest in 

reference watersheds (17 – 24 %).  Amongst harvested watersheds, samples from WS6 

and 7 showed higher C4 (%) than those from WS1 and 10 overall.  However, C4 (%) in 

samples from these watersheds decreased and became about the same during the first 

storm event of each year.  When a harvested watershed and its corresponding reference 

watershed were compared, C4 (%) in samples from WS 6, 7, and 10 were higher than 

those from their reference watersheds (WS 8, 8, and 9, respectively) and C4 (%) in 

samples from WS 1 and 2 (control) were highly correlated (Figure 14).   
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3.4.3.2 Hydrologic Events 

Correlation analysis between all flow parameters and C4 (%) and SUVA254 was 
conducted at each watershed ( 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 7).  Values of SUVA254 were positively correlated with Q, Qsum3, 

Qsum14, Qsum 21, and Qsum 30 at all sites. There was a strong linear correlation for 

SUVA254 against all flow parameters at LOOK, WS 1, and WS 10, (r > 0.5).  A moderate 

and positive linear correlation for SUVA254 against all flow parameters was observed at 

WS 2, 6, 8, and 9 (r = 0.3 to 0.49).  There was a moderate and positive correlation for 
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SUVA254
 against Q and Qsum3 at WS 7 (r = 0.3 to 0.49).  There was a moderate and 

positive correlation for SUVA254 against Qsum14 and Qsum30 at WS 9 (r = 0.36, 0.38, 

respectively).   

The relative contribution of C4 (%) was negatively correlated with Q, Qsum3, Qsum14, 
Qsum 21 and Qsum30 ( 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 7) at all sites.  There was a strong negative linear correlation for C4 (%) 

against all flow parameters at LOOK and MACK (absolute r > 0.5).  Between C4 (%) 

against Q and Qsum3, a strong negative correlation was observed at WS 1, 7, 9, and 10 (r 
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< -0.5); a moderate negative correlation was observed at WS 2, 6, and 8 (r = -0.37 – -

0.42).  A moderate correlation was observed for C4 (%) against Qsum14, Qsum21, and 

Qsum30 at WS1, 7, and 9 (r =  -0.38 to -0.46).  A regression analysis revealed more 

logarithmic than linear trends with a negative correlation for C4 (%) against all flow 

parameters at LOOK, MACK, WS1, WS9, and WS10 (Table 8).  The relative 

contribution of C4 (%) was positively and strongly correlated with the base flow index 

(BFI) (r = 0.69, α = 0.08) ().  

3.5 Discussion 

3.5.1 Overall DOM Sources 

Although an average FI value of 1.4, as found in this study, has been interpreted 

as indicative of microbial or autochthonous sources (McKnight et al. 2001; Cory et al. 

2010b), other studies of forested headwater streams have reported FI values ranging from 

1.2 - 1.4 (Yamashita et al. 2011) at sites which do not freeze to 1.4 - 1.6 at sites where 

soils are frozen in winter (Cawley et al. 2014).  FI has been observed to increase after 

freezing water samples (B. Lee, A. White, and K. Lajtha, Unpublished Manuscript).   The 

original FI scale was based on end-members that represent a “terrestrial” source 

(Suwanee River water) and an algal source (McKnight et al. 2001).  However, most 

DOM produced in upland watersheds will be more microbially processed than the low-

pH, poorly oxygenated Suwanee River water, and thus we suggest that the FI indices in 

most stream samples will be more reflective of microbial processing than of 

autochthonous sources.   DOM sources in forested headwater streams have generally 

been reported to be allochthonous (Vannote et al. 1980), given that they are characterized 

by significant inputs of forest litter and significant shading of the headwater streams. It is 
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also possible that whole water samples of neutral pH with high humic acids may not 

necessarily result in a FI index on the same scale as a FI index developed with separated 

fulvic acids (McKnight et al. 2001) that are soluble at any pH.  Hence we restrict our 

interpretations to relative changes in FI, rather than absolute values.   

3.5.2 Protein-like DOM and Hydrologic Path 

An increase in C4 (%) identified as a protein-like DOM was observed over 

summers compared to during high flow conditions.  One possible explanation for the 

increase could be an increase within in-stream biological activity with increased 

temperature, resulting in either greater autochthonous inputs or else greater microbial 

processing of terrestrial organic matter. FI values similarly increased in harvested 

headwater watersheds over summers.  In alpine and subalpine lakes with low plant 

inputs, algal and microbial production during low-flow seasons in summer has been 

shown to increasingly influence DOM chemistry as indicated by elevated FI values 

(Hood et al. 2003).   As our streams are shaded, small, first-order streams draining 

relatively well-developed forests (50 – 450 years), we hypothesize that autochthonous 

inputs are extremely low compared to allochthonous inputs during all seasons (Vannote 

et al. 1980), and are likely much more labile.  As microbial activity also increases with 

temperature in soils (Kaiser et al. 2001), an increased FI value alone cannot differentiate 

in-stream production from soil microbial processing during summers.  

The protein-like component was inversely related to DOC and DON 

concentrations, SUVA254, and flow parameters of Q and Qsum 3 through Qsum 30.  This 

suggests that protein-like DOM increases during low-flow conditions, and decreases 

during seasons of shallow subsurface flow.  As previous studies in this study area report, 
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antecedent soil moisture strongly influences DOC and DON exports, and the exports 

increase with flow rate during the first precipitation event of the season (Vanderbilt et al. 

2003; van Verseveld et al. 2009).  High SUVA254 values of highly vegetated U.S. river 

basins coincide with high flow conditions (Butman et al. 2012), indicating a relatively 

less microbially-processed DOM source.  Also, high SUVA254 during high flow seasons 

may indicate that highly aromatic DOM preferentially adsorbed to shallow soil surface 

(Kaiser et al. 1997) is mobilized by shallow subsurface flow or travels through 

preferential flow.  These findings imply that increased flow during the fall flushes DOC, 

DON, and highly aromatic or refractory DOM accumulated in soils and valley floors over 

the summer along with leachate from accumulated leaf litter in and near the stream, 

producing increased DOC and DON concentrations as well as less microbially-processed, 

aromatic DOM in stream water.  The negative correlation of C4 (%) with these 

parameters, thus, suggests that the protein-like DOM component does not originate from 

shallow subsurface flow. 

The positive correlation between C4 (%) and the base flow index (BFI) suggests 

that C4 originates from deeper subsurface flow, characteristic of low flow seasons.  Soil 

organic matter at depth is highly enriched in microbial compounds and is significantly 

more microbially-processed than surface soil organic matter (Sollins et al. 2009; Rumpel 

and Kögel-Knabner 2011).  Deep soils in the HJAEF contain higher free amino acids and 

protein than surface soils (Yano and others 2004).  Protein or protein-like fluorescent 

DOM is higher in deep soil and/or groundwater than in surface water (Yano et al. 2004; 

Sollins et al. 2009; Inamdar et al. 2012; Huang et al. 2015).  Higher fluorescent protein % 

in groundwater and water-extractable soil organic matter (WESOM; 0 – 40 cm deep) 
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compared to more surficial water has been reported from first-order forested catchments 

(Johnson et al. 2011; Inamdar et al. 2012; Huang et al. 2015).  Additionally, several 

studies have found lower SUVA254 in groundwater than surface water (van Verseveld et 

al. 2009; Inamdar et al. 2012); Gabor and others (2014) reported lower SUVA254 at depth 

than in surface soils.  These studies are consistent with the study of Fellman and others 

(2014) that found that streams with high groundwater sources had a greater contribution 

of old (i.e. depleted 14C) and bioavailable DOM from microbial sources in western 

Australia.  Thus, the increased proportion of a protein-like component (C4 (%)) during 

dry seasons in our study likely indicates an increased proportion of inputs from deep 

subsurface flow, groundwater, or deep soil sources. 

Although DOC:DON commonly decreases with depth in soil at sites including the 

HJAEF (Yano et al. 2004; Rumpel and Kögel-Knabner 2011), DOC:DON of stream 

water did not decrease in this study during base flow.  The ratio of DOC to DON is often 

used as an indicator of microbial activity, but did not correlate with C4 (%), our protein-

like and microbial component.  This could be explained by the low DON in atmospheric 

deposition and in streams in the HJAEF compared to other sites in the U.S. (Vanderbilt et 

al. 2003), resulting in DON concentrations at detection limits and with significant noise.  

Thus, we suggest that a protein-like or specifically a tryptophan-like EEM signal can be 

used as an indicator of DOC that originates from microbial processing of terrestrial C 

either in the soil profile or in streams in similar low-N environments.   

3.5.3 Forest Management and Landscape 

We predicted that watersheds with young (50 to 60-yr) forests would have less 

abundant humic-like components (C1 to C3) and a greater contribution from a protein-
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like and microbial-like component (C4) in stream water compared to old-growth 

watersheds (500-yr-old forests).  This is because inventories of coarse woody debris 

(CWD), a source of humic DOM in watersheds with young (50 to 60-yr) forests have 

been reduced by harvest, slash removal, slash burning, site preparation, and low wood 

recruitment to the forest floor.   

The prediction was supported at harvested watersheds of WS 6, 7, and 10 where 

higher relative contributions of a protein-like component (C4 (%)) were observed 

compared to their reference watersheds (i.e. WS 8, 8, and 9, respectively).  However, C4 

(%) in a harvested watershed, WS 1, was similar to its reference watershed (i.e. WS 2) 

and lower than other harvested watersheds (i.e. WS 6, 7, and 10).  This is probably due to 

a result of the logistical difficulty of harvesting large, old-growth trees without roads in 

the early 1960s in WS 1 that resulted in relatively high amounts of CWD compared to 

other harvested watersheds.  Hence, the abundance of CWD and decomposed logs, not 

live tree biomass, in a watershed also appears to control stream DOM characteristics by 

increasing highly aromatic, humic-like components in a stream and diluting the protein-

like signature from older, deeper and more microbial sources.  Although we also 

hypothesized that the presence of all relatively young trees, found in harvested stands, 

might result in lower DOC supply due to reduced fine root turnover and root exudation, 

the lack of difference in DOC between WS1 and WS2 suggests that this is not a 

significant factor explaining differences in DOM optical properties across watersheds. 

Another possibility for the decreased C4 (%) in WS 1 is the steep slope of WS 1.  

The steep slope may have resulted in higher shallow subsurface flow contribution to 

streams compared to other harvested watersheds which then diluted the deep flow signal 
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of C4 in WS 1.  However, WS 10 is equally as steep as WS 1, and BFI of WS 1 was not 

the lowest (i.e. not the highest shallow flow contribution), and BFI of the HJAEF 

remained relatively constant between harvested and reference watersheds; hence, the 

shallow flow contribution cannot be the sole reason for the low C4 (%) in WS 1.   

Our correlation analysis showed that CWD and BFI individually are significant 

predictors of the protein-like DOM contribution.  However, adding both parameters in a 

multiple linear regression did not improve the prediction.  Of more concern is the 

observation that both significant correlations appear to be driven by WS 6 and 7, and both 

of these watersheds have high BFI and low CWD.. However, CWD and BFI were not 

autocorrelated, and WS 8 also has a gentle slope, high BFI, but is a reference watershed 

with significant stocks of CWD.  It is possible that WS 6 and 7 may be showing the 

perfect scenario to have a high protein-like DOM in streams: high base flow index (i.e. 

high deep subsurface flow influence) and low CWD (i.e. low humic-like DOM), and that 

both of these factors need to be present in order to detect a significant difference in DOM 

chemistry.   

In summary, this study shows that a tryptophan-like (protein-like) DOM 

identified with the fluorescent spectroscopy helps identify sources of DOM and shows 

important implications of the linkage between terrestrial and aquatic ecosystems.  We 

attribute the increase in a protein-like DOM contribution during summer months to an 

increased contribution from deeper soil horizons that have an increased microbial (and 

thus protein) signature.  Similarly, the decrease in protein-like signals during the winter 

can be attributed to increased shallow subsurface flow and/or increased preferential flow 

that is known to have a more terrestrial, humic and aromatic DOM signal.  Increased in-
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stream microbial activity degrading organic matter inputs to the streams during the 

warmer summer months at our site also could increase the microbial signature of DOM; 

our current data cannot distinguish among these hypotheses.  Although the combination 

of CWD and BFI partially explained the fluorescent signature of DOM across these 

watersheds, our results suggest that the relative contributions of microbially processed, 

bioavailable DOM (protein) derived from deeper subsurface/groundwater compared to 

DOM derived from the soil surface horizon, whether due to increased terrestrial inputs 

such as CWD or else due to increased water flux through surface horizons, can be 

detected.  Our results also show that the imprint of forest harvest, and the reduction in 

CWD inputs to the forest floor, can be detected for many decades, with implications for 

the metabolism of DOM in downstream receiving ecosystems.  
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3.8 Tables 

Table 2: Experimental watersheds properties and history (H.J. Andrews Experimental 
Forest 2015) 
WS 
no. 

Area 
(ha) 

Elevation 
Min (m) 

Elevation 
Max (m) 

Slope 
(%) 

Management History 

Look 6242 434 1627 40 25 % patch-cut, 1948 - Present 
Mack 581 765 1626 48 Control 

8 units (about 13 %) partially or fully 
cut, 1957 - 1982 

1 96 450 1027 60 100 % clear cut, 1962 - 1966  
Logging debris burn, 1966 
No roads 

2 60 572 1079 53 Undisturbed control for WS1 
6 13 893 1029 25 100 % clear cut, 1974 

Planted with Douglas-fir seedlings, 1976 
A road 

7 15 931 1102 34 60 % selective canopy removal, 1974 
Logging residue burn at lower half, 
1975 
Planting, 1976 
Remaining canopy removal, 1984 
Thinning, 2001 

8 21 968 1182 26 Undisturbed control for WS6 and WS7 
9 8.5 438 731 58 Undisturbed control for WS10 
10 10 471 679 58 100 % clear cut, 1975 
 
Table 3: Biomass (Mg/ha) of total, live tree, and logs in each watershed (Fasth et al., 
Unpublished Data) 
 Harvested Watersheds Control Watersheds 
Biomass (Mg/ha)  WS01 WS06 WS07 WS10 WS02 WS08 WS09 
Total  267 191 130 232 894 906 791 
Live tree 142 110 55 134 654 652 585 
Logs 72 33 29 29 103 115 108 
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Table 4: Four components identified by this study and their previously identified 
characteristics  
C Ex max 

(nm) 
Em max 
(nm) 

Characteristics 

1 260 486 Similar to humic-like DOM commonly found in forested 
streams (C1, Stedmon and Markager 2005). 

2 250 
(310) 

410 Humic-like DOM common in forested streams (C3, Stedmon 
and Markager 2005).  

3 250 
(330) 

454 Fulvic acid and found in various environments (C4, Stedmon 
and Markager 2005). 

4 250 
(280) 

350 Tryptophan-like (Cory and McKnight 2005; C7, Stedmon and 
Markager 2005; C4, Hosen et al. 2014) and protein-like 
component (T, Coble 1996; Stedmon et al. 2003). Originated 
from aromatic amino acids, an indicator of total hydrolysable 
amino acids, and labile or semi-labile aquatic DOM (C5, 
Yamashita et al. 2011).  Autochthonous source and correlated to 
terrestrial DOM from forested catchments (Stedmon and 
Markager 2005).  

Values in the parenthesis indicate the second peak.  
 
 
 
Table 5: Statistics of measured parameters 
 Parameter Min Max Mean Median Stdev 
DON (mg L-1) 0.00 0.12 0.03 0.03 0.02 
DOC (mg L-1) 0.3 4.0 1.2 1.0 0.6 
DOC:DON 9.3 288.3 41.9 34.4 28.7 
FI 1.3 2.1 1.4 1.4 0.1 
SUVA254  (L 
mg-1 m-1) 0.2 8.1 3.5 3.7 1.0 
Abs254 (m-1) 0.2 15.6 4.2 3.6 2.6 
C1 (%) 13.1 37.7 28.8 29.4 5.3 
C2 (%) 9.2 27.9 18.7 19.2 3.1 
C3 (%) 16.1 47.1 26.7 26.6 2.9 
C4 (%) 13.8 46.0 25.7 24.4 7.2 
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Table 6: Correlations among key parameters 
(N = 322, Two-tailed significance test, **: α = 0.01, *: α = 0.05) 
  DOC DON DOC/DON FI SUVA254 C1 (%) C2 (%) C3 (%) C4 (%) 
DOC 1 0.60** 0.23** -0.21** 0.19** 0.60** 0.55** -0.19** -0.60** 
DON 

 

1 -0.44** -0.06 0.19** 0.45** 0.35** -0.02 -0.47** 
DOC/DON 

 

1 0.05 -0.11* -0.04 0.06 -0.08 0.04 
FI 

 

1 -0.37** -0.47** -0.27** 0.20** 0.39** 
SUVA254  

 

1 0.55** 0.51** -0.23** -0.53** 
C1 (%) 

 

1 0.74** -0.31** -0.94** 
C2 (%) 

 
1 -0.54** -0.76** 

C3 (%) 
 

1 0.06 
C4 (%)  1 
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Table 7: Linear correlations of C4 (%) and SUVA254 with flow parameters at each 
watershed 
(Two-tailed significance test, **: α = 0.01, *: α = 0.05) 
Site  C4 (%) SUVA254  Q Qsum3 Qsum14 Qsum21 Qsum30 
LOOK C4 (%) 1 -0.59** -0.57** -0.62** -0.59** -0.65** -0.66** 

SUVA254   1 0.51** 0.55** 0.60** 0.64** 0.62** 
MACK C4 (%) 1 -0.16 -0.67** -0.64** -0.62** -0.65** -0.65** 

SUVA254   1 0.13 0.13 0.04 0.08 0.07 
WS01 C4 (%) 1 -0.62** -0.62** -0.59** -0.39** -0.43** -0.44** 

SUVA254   1 0.54** 0.49** 0.59** 0.61** 0.60** 
WS02 C4 (%) 1 -0.39* -0.42* -0.42* -0.11 -0.10 -0.04 

SUVA254   1 0.48** 0.45** 0.38* 0.40* 0.40* 
WS06 C4 (%) 1 -0.61** -0.37* -0.39* -0.21 -0.26 -0.19 

SUVA254   1 0.42* 0.45** 0.40* 0.45** 0.39* 
WS07 C4 (%) 1 -0.47** -0.56** -0.57** -0.39* -0.42* -0.38* 

SUVA254   1 0.36* 0.36* 0.24 0.27 0.25 
WS08 C4 (%) 1 -0.14 -0.42* -0.42* -0.31 -0.33 -0.27 

SUVA254   1 0.41* 0.41* 0.45** 0.49** 0.46** 
WS09 C4 (%) 1 -0.23 -0.52** -0.57** -0.41* -0.43** -0.46** 

SUVA254   1 0.37* 0.31 0.33* 0.36* 0.37* 
WS10 C4 (%) 1 -0.26 -0.52** -0.50** -0.20 -0.22 -0.21 

SUVA254   1 0.55** 0.53** 0.68** 0.79** 0.75** 
 
 
Table 8: Logarithmic correlations (coefficient of determination, R2) of C4 (%) with flow 
parameters at each watershed. 
(a significance test, **: α = 0.01, *: α = 0.05) 
Site Qsum3 Qsum14 Qsum30 
LOOK 0.69 0.77 0.68 
MACK 0.72 0.70 0.55 
WS01 0.49 0.39 0.29 
WS02 0.14 0.06 0.01 
WS06 0.20 0.14 0.07 
WS07 0.33 0.28 0.15 
WS08 0.10 0.08 0.02 
WS09 0.48 0.41 0.35 
WS10 0.32 0.20 0.16 
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3.9 Figures 

 
Figure 8: Map of the H.J. Andrews Experimental Forest 

"

"

"

"

"

"
"

"

"

"

8
0
0

1
2
0
0

600

1000 1
4
0
0

1
6
0
0

1
4
0
0

1400

8
0
0

1
4
0
0

1
4
0
0

800

1000

Ü
" Stream gages

200-m contours

Streams

Watershed boundary

WS 6

WS 7

WS 8

MACK

LOOK
WS 3

WS 2

WS 1

WS 10

WS 9 0 1 2 3 40.5
km

OREGON

HJAEF



 

 

75 

 
Figure 9: Flow rate and stream temperature at the Lookout Creek Watershed (LOOK) 
between May 2013 and June 2015 
Each dot indicates sampling date. Data measured by USGS (USGS National Water 
Information System at Lookout Creek Near Blue River, OR (14161500)). 
 
 

a  



 

 

76 
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e  
Figure 10: EEMs of four components identified by the PARAFAC model (Figure 10a – 
d) and their excitation emission loadings (Figure 10e) 
 

 
Figure 11: Correlation of C4 (%) and CWD biomass (N = 7) 
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f  
 
Figure 12: Time-series of various parameters 
Error bars show standard error. Vertical lines indicate sampling dates. Average daily flow 
rate of sampling date was measured by USGS (USGS National Water Information 
System at Lookout Creek Near Blue River, OR (14161500)). 
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Figure 13: Comparison of components between harvested and control watersheds in R.U. 
 
 

 
Figure 14: Comparison of components between harvested and control watersheds in % 
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Figure 15: Correlation of C4 (%) and BFI (N = 7) 
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3.10 Appendix 
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Appendix 1: Comparison of components identified by this study and characterized by a 
previous study (Stedmon and Markager 2005) 
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4.1 Abstract  

Dissolved organic matter (DOM), delivered from terrestrial sources and synthesized 

within streams, affects carbon composition and metabolism of receiving water bodies.  

However, little is known about how land use and seasonal flow patterns affect in-stream 

DOM fluxes and chemistry.  This study examined UV and fluorescent DOM 

characteristics and biochemical properties of streams in contrasting land uses and stream 

orders to identify the sources and fate of DOM in the Willamette River Basin, Oregon.  

Nutrient concentrations were the highest among high percentage of pasture/hay land and 

in headwater streams.  Aromaticity measured by SUVA254 and a fluorescent index (FI) 

indicated streams received higher terrestrial DOM sources with an increase in flow rate 

and overland hydrologic connectivity.  Dissolved organic carbon (DOC) concentrations 

decreased and FI indicated terrestrial DOM sources with an increase in stream orders 

while a protein-like DOM signal commonly found by other studies was not identified.  

These findings indicate that in-stream respiration, fueled by nutrient additions from 

pasture/hay lands, consumes bioavailable, labile DOM (proteins) preferentially relative to 

more recalcitrant, terrestrial sources of DOM along water flow paths from headwater 

streams to major rivers.  Contrary to our hypotheses, a hydrologic control was a main 

driver of fluorescent DOM characteristics compared to land use.  The lack of differences 

in fluorescent DOM characteristics over catchments with varying land use types can be 

attributed either to a lack of differences in DOM characteristics in soils derived from a 

relatively small region or to a microbial homogenization of distinct DOM components 

unique to dominant land use types in streams.   
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4.2 Introduction 

Dissolved organic matter (DOM) is a critical component of the carbon (C) cycle 

in watershed ecosystems and enters water bodies from various sources.  Surrounding 

lands and soils deliver various types of DOM such as leaf litter to streams (allochthonous 

DOM), and primary producers generate DOM through photosynthesis within streams 

(autochthonous DOM) (Vannote et al. 1980; Allan and Castillo 2009).  Watershed 

characteristics such as topography, climate, hydrology, and land use create unique DOM 

chemistry in streams (Hudson and Reynolds 2007).  Nonetheless, the effect of 

disturbances to terrestrial ecosystems on DOM chemistry in streams is poorly understood.  

Compared to autochtonous DOM, allochthonous DOM has abundant aromatic 

compounds because terrestrial vegetation is high in tannins and lignins (McKnight et al. 

2001; Allan and Castillo 2009).  Such differences in chemical structures of DOM 

compounds create distinctive UV absorbance and fluorescent properties in freshwater 

samples (Coble 1996; McKnight et al. 2001; Weishaar et al. 2003; Cory and McKnight 

2005; Stedmon and Bro 2008).  UV and fluorescent spectroscopy is a simpler and less 

expensive technique than nuclear magnetic resonance (NMR) spectroscopy (Dai et al. 

1996; Kalbitz et al. 2003) or wet chemical fractionation techniques (Yano et al. 2004; 

Hood et al. 2005) although its use in fingerprinting various DOM characteristics is less 

well-established. 

Fluorescent properties of DOM controlled by unique DOM chemical structures 

can be characterized using the information from 3-D excitation and emission matrices 

(EEMs).  EEMs capture the fluorescent signature at all combinations of excitation and 

emission wavelengths. EEMs are then analyzed with statistical analysis (often with a 
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multivariate statistical modeling Parallel Factor Analysis (PARAFAC)) to identify 

fluorescent DOM components and the fraction of each component present in each sample 

(Stedmon and Bro 2008). 

In recent years, fluorescent characterization of in-stream DOM has been widely 

used to identify and quantify DOM sources in many freshwater ecosystems (Coble 1996; 

Cory and McKnight 2005; Miller et al. 2006; Yamashita et al. 2011; Mann et al. 2012; 

Cawley et al. 2012b; Hosen et al. 2014).  However, only 1 % of DOM is estimated to be 

fluorescent (Cory et al. 2011).  The potential for utilizing fluorescent DOM to 

characterize complex DOM chemistry is of great interest, and further investigation may 

help determine the applicability of this technique on DOM chemistry characterization in 

freshwater systems.   

Although much is known about land use effects on nitrogen (N) and phosphorus 

(P) in surface water (Smith et al. 1997; Alexander et al. 2000; Groffman et al. 2004; 

Alexander et al. 2008; Preston et al. 2011), the relationship of DOM chemistry to land 

use is poorly understood.  And much of the studies, which examined the land use effects 

on fluorescent DOM chemistry, focused on comparing completely different land use 

types or variations within a land use type in headwater streams.  Fluorescent spectroscopy 

has been used to describe DOM chemistry of water affected by discharge from a sewage 

treatment plant in England (Baker 2001) and in a tributary of the Willamette River, 

Oregon (Goldman et al. 2012).  The abundance of fluorescent DOM components has 

been correlated to impervious cover in headwater watersheds of Maryland (Hosen et al. 

2014).  EEMS with PARAFAC has been applied to identify fluorescent components of 

DOM from streams in mainly agricultural lands in and near an estuary in Denmark 
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(Stedmon et al. 2003; Stedmon and Markager 2005).  An index derived from EEMs has 

been used to relate in-stream DOM characteristics to agricultural land use in south-central 

Ontario, Canada (Wilson and Xenopoulos 2009).  Multiple studies examined the effect of 

forest management on fluorescent DOM components in headwater streams (Yamashita et 

al. 2011; Cawley et al. 2014); a protein-like fluorescent DOM was indicative of low log 

biomass on the forest floor (Lee and Lajtha, in review).   

Differences in DOM chemistry identified by UV and fluorescent spectroscopy has 

also been related to hydrologic regime.  Increased aromatic DOM inputs during the 

spring-melt in Alaska was attributed to increased vascular plant litter inputs during high 

flows (Spencer et al. 2008).  In the H.J. Andrews Experimental Forest in Oregon 

(HJAEF), in-situ fluorescence and Specific UV absorbance at 254 nm (SUVA254), an 

indicator of aromaticity of water samples (Weishaar et al. 2003), increase during storm 

events (van Verseveld et al. 2008).  SUVA254 and a protein-like DOM identified with 

fluorescent spectroscopy were used to detect DOM delivered from protein-rich 

groundwater sources during dry seasons at headwater streams of HJAEF where nitrogen 

inputs are low (Lee and Lajtha, in review).  Changes in fluorescent DOM chemistry with 

hydrologic patterns may be a key factor controlling in-stream DOM chemistry, and long-

term monitoring will allow the observation of the hydrologic control on DOM chemistry.  

We hypothesized that DOM optical properties would differ among land use types 

because streams influenced by urban environments receive highly aromatic compounds, 

e.g. water treatment disinfection byproducts and petroleum products, and streams 

influenced by nutrient-rich agricultural and pasture promote in-stream DOM processes 

resulting in less aromatic, more microbial compounds.  Additionally, we hypothesized 
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that DOM signatures linked to specific land use types would be more distinct during high 

flow seasons due to increased hydrologic connectivity.  Our objectives were: 1) to 

characterize DOM properties in streams of the middle Willamette River Basin, Oregon 

with UV absorbance and fluorescence spectroscopy, 2) to observe spatial variations in 

DOM properties characterized by unique land use composition, and 3) to examine 

temporal variations of DOM properties driven by seasonal precipitation patterns. 

4.3 Materials and Methods 

4.3.1 Sample Sites 

Stream water samples were collected monthly over the period of October 2012 to 

July 2015 from 21 locations near Corvallis, Oregon in the central Willamette River Basin 

(Figure 16).  Sixteen sites are located within the 803-km2 Marys River Watershed 

(Raymond et al. 2002); four sites are located in a tributary of the Willamette River 

located north of the Marys River Watershed; one site is located on the Willamette River.  

Sample locations were stratified by stream order and land use classes to capture spatial 

and temporal patterns of stream water chemistry (Appendix 2; Figure 17).  The dominant 

land use types were pasture/hay, urban, forest, cultivated crops, and wetlands according 

to the 2011 National Land Cover Database (NLCD 2011) (Jin et al. 2013).  The regional 

climate patterns are characterized by dry, warm summers and wet, cool winters, which 

drive stream flow as winter precipitation and snowmelt runoff between November and 

March (Figure 18).  Some sites completely dried up during summers and froze during the 

winter of 2014 (Appendix 2).   
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4.3.2 Field and laboratory methods 

Samples were collected from the surface of stream above the deepest part of the 

channel (thalweg) with an acid-rinsed brown one-liter HDPE NalgeneTM bottle. The 

sampler was washed with stream water three times before each collection.  Immediately 

after collection, the sample was poured into acid-rinsed and pre-combusted (4 hrs at 490 

oC)  amber glass bottles, which have been pre-rinsed three times with sampled water.  

Duplicate samples were collected from at least two locations during each sampling event 

for quality control and were averaged for data analysis.  Samples were packed with ice 

and stored in the dark and transported to the laboratory within six hours.   

At the laboratory, each sample was filtered through a pre-combusted 0.7 µm 

glass-fiber filters (WhatmanTM GF/F) using an acid-rinsed glass filtering system in a 

darkened room.  Samples were stored in a refrigerator until analysis.  All samples were 

brought to room temperature on the laboratory bench prior to analysis.  Samples were 

analyzed for inorganic nutrients (soluble reactive phosphorus (PO4
3- - P), ammonium as 

nitrogen (NH4
+ - N), and nitrite – nitrate as nitrogen (NO3

- - N)), EEMs, and absorbance. 

 Analysis periods and storage methods varied (Table 9).  TDN and DOC samples 

collected from October 2012 to April 2013 were frozen for up to eight months.  TDN 

samples from March 2014 were frozen for 23 days before analysis.  Samples obtained 

from May, June, and July 2014 were frozen for 48, 24, and 14 days before analysis for 

inorganic nutrients.  No significant change in TDN and DOC concentrations were found 

in samples frozen for over a year in this study site for samples with initial concentrations 

less than 0.6 mg L-1 and 8 mg L-1 , respectively (Lee et al. in review).  Thus, TDN 
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concentrations greater than 0.6 mg L-1 and DOC concentrations greater than 8 mg L-1 for 

those frozen samples were excluded from the analysis.  

All nutrients were measured with a Technicon auto-analyzer.  DOC was measured 

using a Shimadzu TOC-VCSH analyzer.  Absorbance between 240 and 560 nm was 

measured with a Cary 300 UV-Visible spectrophotometer, and Milli-QTM water was used 

for calibration (Weishaar et al. 2003).  SUVA254  was calculated as the UV absorbance at 

254 nm (Abs254) normalized for DOC concentrations and reported in L mg C-1 m-1 

(Weishaar et al. 2003).  For determination of optical properties (Abs254 and EEMs), each 

sample was placed in a quartz cuvette.  Lights above the instruments were turned off 

during all optical property measurements.  EEMs were measured with a Fluorolog® 

spectrofluorometer (HORIBA Jobin Yvon, Inc.) and collected over an excitation range of 

250 - 400 nm with 10 nm increments and an emission range of 350 - 550 nm with 2 nm 

increments (Cory and McKnight 2005).   EEMs were measured with a band slit of 3 nm.  

An EEM of ultrapure water of Milli-QTM water (Millipore Corporation) was measured for 

each analysis day and subtracted from EEMs of samples for calibration and to remove 

Raman scattering effects (Cory and McKnight 2005; Stedmon and Bro 2008).  The 

MilliQ EEM was also used to calculate the Raman curve to normalize sample EEMs and 

enable the direct comparison of samples from different dates (Lawaetz and Stedmon 

2009).  EEMs were corrected for instrument specific errors using the correction file 

provided by HORIBA Jovin Yvon, Inc. for the instrument.  If the Abs254 of samples was 

higher than 0.2 cm-1, samples were diluted to avoid inner-filter effects before the 

fluorescence measurements (Miller et al. 2010).  
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The effect of NO3
-   and ferric iron (Fe (III)) concentrations on Abs254 and 

SUVA254 (Weishaar et al. 2003) was considered negligible for this study as explained by 

(Lee et al. in review).  Out of 19 locations where the water sample was available on July 

16th, 2015, the total iron concentration ranged from 0.02 – 2.7 mg L-1; all but three 

locations had concentrations less than 0.5 mg L-1 .  The highest Fe (III) concentration was 

found at site K.    

Maximum holding times in a refrigerator between the date of sampling and the 

date of analysis were less than 48 hours for inorganic nutrients, 14 days for DOC, and 28 

days for TDN, following EPA protocol (Morrison Erway et al. 2004).  Optical properties 

(absorbance and EEMs) were measured within five days of sample collection, except for 

samples collected from June 2014, October 2014, and August 2015, which were stored in 

a refrigerator and measured within two months.  Abs254 and EEMs were measured on the 

same day except that EEMs for June 2015 samples were measured the day after Abs254 

measurement.  Holding times were expected to have minimal effects on optical 

properties: Ebert (2013) demonstrated stable FI values through five months of 

refrigerator storage. This was confirmed when a sample from December 2014 was stored 

in a refrigerator and analyzed for absorbance and corrected EEMs every 7 to 15 days over 

69 days.  Abs254 varied by less than 1 %, FI varied by less than 4 %, and corrected EEMs 

were mostly within 10% except for higher percent difference (20 %) around the 2nd 

Rayleigh scattering signals and a lower emission region (about less than 362 nm) 

compared to the original values.   

The average limit of detection was as follows (Table 9): DOC= 0.05 mg L-1 

(CCAL 2014), PO4
3- - P = 0.03 mg L-1 , NH4

+ - N  = 0.08 mg L-1 , NO3
- - N = 0.02 mg L-1, 



 

 

95 

and TDN = 0.04 mg L-1.  Detection limit values were divided by two and used for 

samples with concentrations under the detection limit before analysis.  

4.3.3 EEM Analysis 

The original fluorescent index (FI) value (McKnight et al. 2001) has been 

modified for EEMs with instrument specific corrections by Cory et al. (2010), and the 

updated FI (EM 470 nm / EM 520 nm at EX 370 nm) was used.  The updated FI values 

of 1.46 are reported to indicate microbially derived autochtonous sources, and 1.21 to 

indicate terrestrially derived allochthonous sources (McKnight et al. 2001; Cory et al. 

2010b).  We expand this interpretation to include terrestrially-derived DOM that has been 

substantially altered by microbial processing and soil sorption as part of the “microbial” 

pool.  A FI value difference of 0.1 can be used to indicate a different DOM source 

(McKnight et al. 2001). 

To characterize and quantify changes in DOM from EEMs measured by a spectro-

fluorometer, PARAFAC analysis was conducted using the DOMFluor Toolbox (ver. 1.7) 

(Stedmon and Bro 2008) and the N-way Toolbox (ver. 3.31) (Andersson and Bro 2000) 

with MATLAB® (ver. R2013b).  The model was developed from a total of 546 EEMs: 

496 EEMs collected monthly for this study and an additional 51 EEMs (Sept. 2013, Jan. 

2014, and Apr. 2014) collected upstream of the study site within the Willamette River 

Basin to widely represent DOM variability in this basin.  Three individual components 

were identified using this model validated with split half analysis (Stedmon and Bro 

2008), and the loadings and the EEMs of these components were visually compared to 

the loading and the EEM regions of the components identified by previous studies 

(Appendix 3).  Additional inferences about the presence of tryptophan-like protein DOM 
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were made from analysis of the residuals of the PARAFAC analysis over the region of 

excitation of 280 nm and emission of 345 nm identified as a tryptophan-like DOM by a 

previous study (Stedmon and Markager 2005). 

4.3.4 Spatial Analysis 

A 300-m buffer was created around each sampling point and the area of each land 

use type in the upstream portion of this buffer was calculated using NLCD 2011 (Jin et 

al. 2013).  Within these 21 upstream 300-m radius buffer areas, the average land cover 

and ranges were as follows (Figure 17):  urban land 36 % (1 and 100 %); pasture/hay 31 

% (0 and 81 %); wetland 14 % (0 and 62 %); forest 9 % (0 and 87 %); and cultivated 

crops 7 % (0 and 41 %).  The 21 sampling sites were grouped into categories of the two 

dominant land cover types: urban and pasture/hay.  Six categories of urban land use were 

defined: less than 10 % (4 sites), 11 – 15 % (4 sites), 16 – 20 % (3 sites), 21 – 30 % (3 

sites), 49 – 70 % (3 sites), and 90 – 100 % (4 sites).  Three categories of pasture/hay land 

use were defined: less than 5 % (7 sites), 10 – 40 % (6 sites), greater than 45 % (8 sites).  

Streams and sub-watersheds were delineated using ArcHydro (v. 2.0) in ArcGIS 

(v. 10.1) based on flow direction and flow accumulation layers from the National 

Hydrography Dataset Plus (NHDP, v. 2.10), which was developed by the U.S. 

Environmental Protection Agency and Geological Survey using National Elevation 

Dataset (NED) topography (30 m) (McKay et al. 2012).  Streams were delineated with 

the stream definition tool based on a flow accumulation layer with a channel initiation 

threshold of 120 pixels.  Sub-watersheds were delineated with the batch sub-watershed 

delineation tool.  The Strahler’s stream order for each sampling site was identified from 

the NHDP, and sampling sites were grouped into three categories of stream order: 1 (8 
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sites), 2 (7 sites), and 4 – 6 (6 sites).  Although upstream water quality and DOM 

chemistry could potentially affect these parameters downstream, autocorrelation was 

assumed to be negligible as sampling sites were separated by at least 1.5 km distance on 

the river network and the 300-m buffers did not overlap.  Site I (on a small tributary 

stream) is about 180 m from site J (the Marys River mainstream) but they are 500 m apart 

on the river network.  

4.3.5 Statistical Analysis 

To examine the bivariate relationship among all the parameters, Pearson’s r was 

calculated with SPSS (v. 22) for samples collected from June 2013 to July 2015. 

4.4 Results 

4.4.1 Nutrients 

The concentrations of N species and P varied spatially and temporally over the 

study period.  The highest nutrient concentrations occurred at sites with high percentage 

of pasture/hay land use and at headwater streams during high flow (fall and winter) 

(Figure 19).  The lowest values of N species and P occurred during low flows (summer) 

and from sites where pasture/hay land use was not dominant.  

4.4.2 DOC 

Similarly to inorganic nutrients and TDN, DOC concentration showed temporal 

variations, however, there was no spatial trend with either urban land or pasture/hay land 

(Figure 20a).  DOC increased sharply during the February 2014 sampling at all locations.  

DOC concentrations were overall higher at small streams with low stream orders of one 

and two than at large rivers with high stream orders of four to six (Figure 20b). 
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4.4.3 DOM optical properties 

FI and SUVA254 did not vary among land use types (Figure 21 - 21), however, they were 
characterized by temporal flow variations.  FI stayed near an average of 1.5 during low 
flow seasons but decreased to 1.4 during high flow seasons (Figure 21).  FI was overall 
higher at the first order streams than at large rivers with high stream orders (4 – 6) 
(Figure 21c).  SUVA254 varied over time but stayed within 3 and 6 L mg-1 m-1 on average, 
however, there was a significant increase in SUVA254  during fall and winter of the 2015 
water year and a decrease during the driest time of each water year (Figure 22).  Overall, 
FI showed a negative and moderately linear relationship (r = - 0.36, α = 0.01) with 
SUVA254  ( 
 

Table 10).   

Three distinct components were identified by the PARAFAC model (Figure 23).  

Overall, DOM component 1 (C1) was visually comparable to an EEM region previously 

characterized as terrestrial, humic-like DOM from forest, wetland, and agricultural lands 

(Table 11) (Coble 1996; Stedmon et al. 2003; Stedmon and Markager 2005), representing 

about 45 % of the total fluorescent DOM.  Component 2 (C2) was visually comparable to 

an EEM region previously associated with terrestrial, humic-like DOM dominant in 

forested streams and wetlands (Coble 1996; Stedmon et al. 2003; Stedmon and Markager 

2005), represented about 40 % of the total fluorescent DOM.  DOM component 3 (C3) 

was visually associated with an EEM region previously identified as terrestrial humic-

like component influenced by agricultural lands and was about 14 % of the total 

fluorescent DOM (Stedmon and Markager 2005).  

The percentage of DOM component 1 (C1 %) was similarly among various land 

use composition and stayed near an average of 46 % throughout the sampling seasons 

(Figure 24a - b).  However, C1 % increased slightly (~ 5 %) during high flow seasons. 

During the summer of 2014, C1% decreased in sites with a high percentage of urban land 

use (and thus a low pasture/hay land use).  C2 % did not vary among different land use 
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composition throughout the study period and stayed near an average of 41 % (Figure 24c 

- d).  However, C2 % increased during the summer of 2014 at the sites with high urban 

land percentage (i.e. low pasture/hay land).  C3 % showed the least variation among 

DOM components identified by the PARAFAC model and remained closely to an 

average of 14 % throughout the sampling period regardless of land use composition 

(Figure 24e). 

Among three DOM components identified by the PARAFAC model, C1 % and C3 % 
were positively and moderately correlated (r = 0.45, α = 0.01) to each other and C1 % 
and C2 % were negatively and strongly correlated (r < -0.95, α = 0.01) to each other ( 

 
Table 10).  C2 % and C3 % were also negatively and strongly correlated (r = -

0.70, α = 0.01).  C1 % was positively and moderately correlated with SUVA254 (r = 0.35, 

α = 0.01) and negatively and moderately correlated with FI (r = -0.49, α = 0.01).  C2 % 

was positively and moderately correlated with FI (r = 0.37, α = 0.01).  C3 % was not 

correlated with SUVA254 or FI.  

4.5 Discussion 

4.5.1 Spatial and Temporal patterns of DOC and Nutrients  

The concentrations of all nutrient species varied with land use and seasonal flow 

patterns as expected based on previous studies (Smith et al. 1997; Alexander et al. 2000; 

Groffman et al. 2004; Alexander et al. 2008; Preston et al. 2011).  High concentrations of 

all nutrient species were associated with higher fertilizer and/or animal waste inputs from 

pasture/hay lands and headwater streams, especially when hydrologically connected 

during high flow seasons.  DOC concentrations were driven by seasonal flow patterns as 

expected based on other studies (Vanderbilt et al. 2003; van Verseveld et al. 2009; 
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Raymond and Saiers 2010) rather than land use.  We observed increased DOC 

concentrations during dry months at headwater streams (stream orders 1 – 2) and higher 

concentrations of DOC in headwater streams (stream orders 1 – 2) than in higher order 

streams (stream orders 4 – 6) throughout the study period.  These observations are 

consistent with the river continuum concept (Vannote et al. 1980) in that headwater 

streams (stream orders 1 – 2) receive continuously high DOC inputs relative to size 

compared to large downstream rivers (stream orders 4 – 6) and DOC declines in higher 

order streams (stream orders 4 – 6) due to in situ microbial respiration. 

4.5.2 DOM optical characteristics in the study site 

In published studies (Coble 1996; Stedmon et al. 2003; Stedmon and Markager 

2005), the EEM region of the first component identified by this study (C1) has been 

characterized as terrestrial, humic-like DOM and found in forested streams and absent in 

wastewater.  Because C1 % was moderately and positively correlated with SUVA254 and 

negatively correlated with FI, our results are consistent with these previous studies, which 

suggested that C1 is associated with highly aromatic and terrestrial DOM.  

The second component (C2) was similar to the EEM region previously 

characterized as terrestrial, humic-like DOM found in forested streams (Stedmon and 

Markager 2005).  In addition to the previous characterization, this study found the 

increase in C2 % at sites with high percentage of urban land use during dry seasons 

possibly due to the continuous surface hydrologic connectivity through urban irrigation 

over summers compared to low connectivity from other land use composition.  Our study 

did not find any association between C3 % and any of land use types.  



 

 

101 

The PARAFAC model developed for this study identified three unique 

fluorescent components; two of the components, C1 and C2, were dominant.  Our 

PARAFAC model did not identify a protein-like DOM although some residuals appear to 

represent an EEM signal previously identified as protein-like DOM (Figure 25).  This 

missing protein component was unexpected, as a study conducted in a coniferous 

watershed located in the upper Willamette River Basin found a protein-like DOM 

component that was indicative of hydrologic flow paths through deep soil, or from 

groundwater (Lee and Lajtha, in review).  Because the EEM signal previously 

characterized as protein (Stedmon and Markager 2005) was observed among some 

residuals, the missing protein-like component could be due to a fundamental limitation of 

the statistical model that cannot detect minor DOM components in the system.  However, 

FI declined with an increase in stream order indicating more terrestrial DOM sources.  

Because DOC concentrations also declined with an increase in stream order and the 

concentrations of all nutrient species were the highest at headwater streams, the lack of a 

protein-like PARAFAC component suggests that labile DOM (i.e. a microbially 

processed, protein-like DOM) is preferentially processed and lost through microbial 

respiration, promoted by nutrient inputs from pasture/hay lands, in the study site.    

4.5.3 Spatial and temporal patterns of DOM 

FI remained close to 1.5 during the study period indicating autochtonous DOM 

sources and high primary producer activities in the streams according to McKnight et al. 

(2001) and Cory et al. (2010).  This observation was not attributed to nutrient inputs by 

high pasture/hay lands that could promote in-stream microbial processes.  Whole water 

samples of neutral pH in this study area (Raymond et al. 2002) with high humic acids 
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may not necessarily result in a FI index on the same scale as a FI index developed with 

separated fulvic acids (McKnight et al. 2001) that are soluble at any pH.  Hence caution 

is necessary before drawing any conclusions about absolute values of FI from whole 

water samples.   

Nevertheless, FI showed temporal variation driven by seasonal flow as observed 

by previous studies (Jaffé et al. 2008; Catalán et al. 2012). During the high flow seasons, 

FI decreased by 0.1 indicating changes in DOM sources (McKnight et al. 2001) with 

more allochthonous DOM sources than in dry seasons.  Thus, FI showed shifts in 

hydrologic pathways from mainly microbially processed groundwater sources (Lee and 

Lajtha, in review) to mainly overland flow sources during falls and winters and/or shifts 

in productivity from higher microbial activity during warm months to lower microbial 

activity during cold months.   

The increase in SUVA254 during the fall and winter of the 2015 water year also 

suggests a shift in hydrologic pathway from groundwater to greater overland flow, as 

surface water is higher in SUVA254  than groundwater due to more influence by 

terrestrial, aromatic DOM (van Verseveld et al. 2009; Inamdar et al. 2012).  The lack of 

increase in SUVA254 during the high flow season of the 2014 water year might be 

attributable to the freezing effect.  The high flow timing was delayed during the 2014 

water year because the freezing temperatures froze some streams and accumulated snow; 

aromatic DOM preferentially precipitates with freezing (Spencer et al. 2007; Fellman et 

al. 2008; Lee et al. in review).  

Land use composition did not influence C1 %, although C1 % increased during 

high flow seasons.  The lowest C1 % was observed during summers among the sites with 
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high urban land use.  This could be due to the increase in C2 %, which was the other 

dominant component identified by this study.  

The lack of spatial variation in C1% during high flow seasons was surprising as a 

DOM signal unique to a land use type should increase during high flow seasons (fall and 

winter).  This observation may be attributable to mixing of DOM sources from mixed 

land use cover in all sampling sites and increased connectivity among sites during high 

flow periods.  In that, a DOM signal unique to a dominant land use type, that was easily 

observed at headwater streams (Hosen et al. 2014; Lee et al. in review), may be obscured 

by the increased hydrologic link to multiple land use types during high flow seasons near 

sampling sites.  

C2 % stayed near the average value, but it increased at sites with high percentage 

of urban land use (i.e. low pasture/hay land) during summer 2014.  The driest seasons 

seem to be limited by hydrologic connectivity, however, urban irrigation could have 

resulted in continuous hydrologic connectivity over the period with the minimal mixing 

effects from other land use types.  It is not clear why this effect was not prominent in the 

summers of 2013 and 2015, however, this could be attributed to the delayed onset of high 

flow and freezing temperatures during the 2014 water year, which may have altered 

microbial processes and DOM chemistry.   

Although a previous study (Stedmon and Markager 2005) found humic-like C3 

was associated with agricultural lands, spatial and temporal variation in C3 % were not 

observed at the study site.  This could be the result of equally dominant components, C1 

and C2, obscuring the fluorescent signal, associated with the presence of C3.   
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In summary, this study, conducted in a mixed landscape of the middle Willamette 

River Basin, found that seasonal hydrologic patterns controlled UV and fluorescent DOM 

chemistry more than land use.  This is contrary to our hypothesis that differences in land 

use patterns would produce DOM chemistries that were distinguishable by UV 

absorbance and fluorescent DOM chemistry.  One explanation for our unexpected results 

is that these land use types, developed on similar geologic substrates, that had at one 

point all been forested, truly produced similar DOM chemistry.  Previous studies, which 

found land use effects on fluorescent DOM components, have compared contrasting 

environments such as agricultural lands influence observed in an estuary and tributary 

catchments in Denmark (Stedmon and Markager 2005), the Florida Everglades wetland 

(Yamashita et al. 2010), and the Florida Bay (Maie et al. 2012).  Additionally, fluorescent 

DOM components have been proven to be useful to differentiate forest and wetlands 

(Kothawala et al. 2015).  Thus, our study conducted in a relatively small area that used to 

be forest might not have varying DOM characteristics.  

Another possible explanation is that DOM chemistry from unique land use 

disturbances become obscured as the fluorescent DOM signals are truly blended in areas 

of varying land use types.  Unlike other studies examining endmember representing a 

unique land use type in catchments (Yamashita et al. 2011; Cawley et al. 2014; Hosen et 

al. 2014; Lee and Lajtha, in review), the observations of this study were conducted in 

truly mixed landscapes.  

Third possible explanation for our results is that while different land uses might 

produce DOM chemistry that is initially distinguishable with these techniques, microbial 

activity in soils and streams serves to homogenize any chemical fingerprints of the source 
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material through respiration of the most labile components.  This hypothesis that we term 

the “microbial blender hypothesis” is consistent with results from several previous 

studies.  For example, Fellman et al. (2009) found that a protein-like DOM signal became 

weaker with an increase in stream order as the stream went downstream further away 

from the original DOM source (soil).  Wickland et al. (2007) observed that while DOM 

leached from plants differed among varying vegetation types, DOM sampled from soils 

was more microbially processed and labile.  Similarly, Huang et al. (2015) found that soil 

DOC varied with vegetation type but differences were lost in receiving streams.  Finally, 

Yano et al. (2004) and Strid et al. (in review) found that while different detrital 

manipulation treatments produced DOC with distinct chemical fingerprints at the soil 

surface layers, these distinct signals were lost as DOM passed through the soil profile.  

Thus, as DOM moves from vegetation, to surface soil, to deep soil, and to streams, 

fluorescent DOM becomes more microbially processed.  Hence, DOM in-stream from 

various land use types become homogenized by microbial processes with increased 

stream orders and cannot be differentiated with fluorescent spectroscopy.  Further 

research in mixed landscape coupled with detail analyses of soil, soil pore from various 

the soil profile, and stream water would help to evaluate these hypotheses.   



 

 

106 

4.6 Acknowledgements 

The study was partially funded by the Institute for Water and Watersheds, Dr. Michael 

Campana at Oregon State University (OSU), and by NSF (NSF DEB – 1257032 to K. 

Lajtha and OCE – 0962362 to A. E. White).  The authors thank journal reviewers for 

their insightful comments on this manuscript. Thanks to Ms. Katie Watkins-Brandt and 

Kathryn Motter for lab supports as well as all the OSU crews who helped us in the field 

and laboratory.    



 

 

107 

4.7 References 

Alexander RB, Smith R a, Schwarz GE, et al (2008) Differences in phosphorus and 
nitrogen delivery to the Gulf of Mexico from the Mississippi River Basin. Environ 
Sci Technol 42:822–30. 

Alexander RB, Smith RA, Schwarz GE (2000) on the delivery of nitrogen to the Gulf of 
Mexico. 403:758–761. 

Allan JD, Castillo MM (2009) Stream Ecology: Structure and Function of Running 
Waters, 2nd edn. Springer, The Netherlands 

Andersson CA, Bro R (2000) The N-way Toolbox for MATLAB. Chemom Intell Lab 
Syst 52:1–4. doi: 10.1016/S0169-7439(00)00071-X 

Baker A (2001) Fluorescence Excitation-Emission Matrix Characterization of Some 
Sewage-Impacted Rivers. 35:948–953. 

Barnes RT, Smith RL, Aiken GR (2012) Linkages between denitrification and dissolved 
organic matter quality, Boulder Creek watershed, Colorado. J Geophys Res 
117:G01014. doi: 10.1029/2011JG001749 

Battin TJ, Kaplan LA, Findlay S, et al (2008) Biophysical controls on organic carbon 
fluxes in fluvial networks. Nat Geosci 1:95–100. doi: 10.1038/ngeo602 

Butman D, Raymond PA, Butler K, Aiken G (2012) Relationships between Δ 14 C and 
the molecular quality of dissolved organic carbon in rivers draining to the coast from 
the conterminous United States. Global Biogeochem Cycles 26:n/a–n/a. doi: 
10.1029/2012GB004361 

Catalán N, Obrador B, Alomar C, Pretus JL (2012) Seasonality and landscape factors 
drive dissolved organic matter properties in Mediterranean ephemeral washes. 
Biogeochemistry 112:261–274. doi: 10.1007/s10533-012-9723-2 

Cawley KM, Butler KD, Aiken GR, et al (2012a) Identifying fluorescent pulp mill 
effluent in the Gulf of Maine and its watershed. Mar Pollut Bull 64:1678–1687. 

Cawley KM, Campbell J, Zwilling M, Jaffé R (2014) Evaluation of forest disturbance 
legacy effects on dissolved organic matter characteristics in streams at the Hubbard 
Brook Experimental Forest, New Hampshire. Aquat Sci. doi: 10.1007/s00027-014-
0358-3 

Cawley KM, Wolski P, Mladenov N, Jaffe R (2012b) Dissolved Organic Matter 
Biogeochemistry Along a Transect of the Okavango Delta, Botswana. Wetlands 
32:475–486. doi: 10.1007/s13157-012-0281-0 



 

 

108 

CCAL (2014) Analytical Detection Levels. http://ccal.oregonstate.edu/detection. 
Accessed 8 Oct 2014 

Coble PG (1996) Characterization of marine and terrestrial DOM in seawater using 
excitation-emission matrix spectroscopy.  

Cole JJ, Prairie YT, Caraco NF, et al (2007) Plumbing the Global Carbon Cycle: 
Integrating Inland Waters into the Terrestrial Carbon Budget. Ecosystems 10:172–
185. doi: 10.1007/s10021-006-9013-8 

Cory RM, Boyer EW, Mcknight DM (2011) Forest Hydrology and Biogeochemistry. In: 
Levia DF, Carlyle-Moses D, Tanaka T (eds) 1st edn. Springer Netherlands, 
Dordrecht, pp 117–136 

Cory RM, McKnight DM (2005) Fluorescence spectroscopy reveals ubiquitous presence 
of oxidized and reduced quinones in dissolved organic matter. Environ Sci Technol 
39:8142–8149. 

Cory RM, Miller MP, Mcknight DM, et al (2010a) Effect of instrument-specific response 
on the analysis of fulvic acid fluorescence spectra. Limnol Oceanogr 67–78. 

Cory RM, Miller MP, McKnight DM, et al (2010b) Effect of instrument-specific 
response on the analysis of fulvic acid fluorescence spectra. Limnol Oceanogr 
Methods 8:67–78. doi: 10.4319/lom.2010.8.0067 

Dai KH, David MB, Vance GF (1996) Characterization of solid and dissolved carbon in a 
spruce-fir Spodosol. Biogeochemistry 35:339–365. doi: 10.1007/BF02179959 

Dore JE, Houlihan T, Hebel D V., et al (1996) Freezing as a method of sample 
preservation for the analysis of dissolved inorganic nutrients in seawater. Mar Chem 
53:173–185. doi: 10.1016/0304-4203(96)00004-7 

Drever J (1997) The Geochemistry of Natural Waters: Surface and Groundwater 
Environments, 3rd edn. Upper Saddle River, New Jersey 

Ebert J (2013) Collecting 3-Dimensional Fluorescence Scans. In: Fluorescence and 
LTER DOM Workshops. University of Colorado, Boulder, CO,  

Evans CD, Monteith DT, Cooper DM (2005) Long-term increases in surface water 
dissolved organic carbon: observations, possible causes and environmental impacts. 
Environ Pollut 137:55–71. doi: 10.1016/j.envpol.2004.12.031 

Fasth B, Harmon ME, Sexton J Draft: Plant biomass and nutrient stores in seven small 
watersheds at the H . J . Andrews Experimental Forest  : A preliminary report.  



 

 

109 

Fellman J, Hood E, D’Amore D, et al (2009) Seasonal changes in the chemical quality 
and biodegradability of dissolved organic matter exported from soils to streams in 
coastal temperate rainforest watersheds. Biogeochemistry 95:277–293. doi: 
10.1007/s10533-009-9336-6 

Fellman JB, D’Amore D V, Hood E (2008) An evaluation of freezing as a preservation 
technique for analyzing dissolved organic C, N and P in surface water samples. Sci 
Total Environ 392:305–12. doi: 10.1016/j.scitotenv.2007.11.027 

Fellman JB, Spencer, Robert GM Raymond P a, Pettit NE, et al (2014) Dissolved organic 
carbon biolability decreases along with its modernization in fluvial networks in an 
ancient landscape. Ecology 95:2622–2632. 

Frank H, Patrick S, Peter W, Hannes F (2000) Export of dissolved organic carbon and 
nitrogen from Gleysol dominated catchments - the significance of water flow paths. 
Biogeochemistry 50:137–161. 

Gabor RS, Eilers K, McKnight DM, et al (2014) From the litter layer to the saprolite: 
Chemical changes in water-soluble soil organic matter and their correlation to 
microbial community composition. Soil Biol Biochem 68:166–176. doi: 
10.1016/j.soilbio.2013.09.029 

Goldman JH, Rounds SA, Needoba JA (2012) Applications of Fluorescence 
Spectroscopy for Predicting Percent Wastewater in an Urban Stream. Environ Sci 
Technol 46:4374–4381. 

Groffman PM, Law NL, Belt KT, et al (2004) Nitrogen Fluxes and Retention in Urban 
Watershed Ecosystems. Ecosystems 7:393–403. doi: 10.1007/s10021-003-0039-x 

Gustard A, Demuth S (2009) Mannual on Low-flow Estimation and Prediction. 
Operational Hydrology Report No. 50.  

H.J. Andrews Experimental Forest (2015) HJA Watersheds. 
http://andrewsforest.oregonstate.edu/lter/data/place_domain.cfm?domainid=51&top
nav=62. Accessed 9 Jun 2015 

Hood E, Gooseff MN, Johnson SL (2006) Changes in the character of stream water 
dissolved organic carbon during flushing in three small watersheds, Oregon. J 
Geophys Res Biogeosciences. doi: 10.1029/2005JG000082 

Hood E, McKnight DM, Williams MW (2003) Sources and chemical character of 
dissolved organic carbon across an alpine/subalpine ecotone, Green Lakes Valley, 
Colorado Front Range, United States. Water Resour Res 39:1–12. doi: 
10.1029/2002WR001738 



 

 

110 

Hood E, Williams MW, McKnight DM (2005) Sources of dissolved organic matter 
(DOM) in a Rocky Mountain stream using chemical fractionation and stable 
isotopes. Biogeochemistry 74:231–255. doi: 10.1007/s10533-004-4322-5 

Hosen JD, McDonough OT, Febria CM, Palmer M a. (2014) Dissolved organic matter 
quality and bioavailability changes across an urbanization gradient in headwater 
streams. Environ Sci Technol 48:7817–7824. doi: 10.1021/es501422z 

Huang W, McDowell WH, Zou X, et al (2015) Qualitative differences in headwater 
stream dissolved organic matter and riparian water-extractable soil organic matter 
under four different vegetation types along an altitudinal gradient in the Wuyi 
Mountains of China. Appl Geochemistry 52:67–75. doi: 
10.1016/j.apgeochem.2014.11.014 

Huber B, Bernasconi SM, Pannatier EG, Luster J (2012) A simple method for the 
removal of dissolved organic matter and δ15N analysis of NO3(-) from freshwater. 
Rapid Commun Mass Spectrom 26:1475–80. doi: 10.1002/rcm.6243 

Hudson N, Baker  a, Reynolds DM, et al (2009) Changes in freshwater organic matter 
fluorescence intensity with freezing/thawing and dehydration/rehydration. J 
Geophys Res 114:G00F08. doi: 10.1029/2008JG000915 

Hudson N, Reynolds D (2007) Fluorescence Aanalysis of Dissolved Organic Matter in 
Natural, Waste and Polluted Waters - A Review. River Res Appl 23:631–649. doi: 
10.1002/rra 

Inamdar S, Finger N, Singh S, et al (2012) Dissolved organic matter (DOM) 
concentration and quality in a forested mid-Atlantic watershed, USA. 
Biogeochemistry 108:55–76. doi: 10.1007/s10533-011-9572-4 

Jaffé R, McKnight D, Maie N, et al (2008) Spatial and temporal variations in DOM 
composition in ecosystems: The importance of long-term monitoring of optical 
properties. J Geophys Res 113:1–15. doi: 10.1029/2008JG000683 

Jin S, Yang L, Danielson P, et al (2013) A comprehensive change detection method for 
updating the National Land Cover Database to circa 2011. Remote Sens Environ 
132:159–175. 

Johnson MS, Couto EG, Abdo M, Lehmann J (2011) Fluorescence index as an indicator 
of dissolved organic carbon quality in hydrologic flowpaths of forested tropical 
watersheds. Biogeochemistry 105:149–157. doi: 10.1007/s10533-011-9595-x 

Johnson SL (1984) Stream chemistry concentrations and fluxes using proportional 
sampling in the Andrews Experimental Forest, 1968 to present. 



 

 

111 

http://andrewsforest.oregonstate.edu/data/abstractdetail.cfm?dbcode=CF002&topna
v=97. Accessed 9 Jun 2015 

Kaiser K, Guggenberger G, Haumaier L, Zech W (1997) Dissolved organic matter 
sorption on subsoils and minerals studied by 13C-NMR and DRIFT spectroscopy. 
Eur J Soil Sci 48:301–310. 

Kaiser K, Guggenberger G, Haumaier L, Zech W (2001) Seasonal variations in the 
chemical composition of dissolved organic matter in organic forest floor layer 
leachates of old-growth Scots pine (Pinus sylvestris L.) and European beech (Fagus 
sylvatica L.) stands in northeastern Bavaria, Germany. Biogeochemistry 55:103–
143. doi: 10.1023/A:1010694032121 

Kalbitz K, Schwesig D, Schmerwitz J, et al (2003) Changes in properties of soil-derived 
dissolved organic matter induced by biodegradation. Soil Biol Biochem 35:1129–
1142. doi: 10.1016/S0038-0717(03)00165-2 

Kothawala DN, Ji X, Laudon H, et al (2015) The relative influence of land cover, 
hydrology, and in-stream processing on the composition of dissolved organic matter 
in boreal streams. doi: 10.1002/2015JG002946.Received 

Lajtha K, Crow SE, Yano Y, et al (2005) Detrital controls on soil solution N and 
dissolved organic matter in soils: A field experiment. Biogeochemistry 76:261–281. 
doi: 10.1007/s10533-005-5071-9 

Lakowicz JR (2006) Instrumentation for Fluorescence Spectroscopy. In: Principles of 
Fluorescence Spectroscopy, 3rd edn. Springer, New York, NY, pp 27 – 61 

Lawaetz AJ, Stedmon CA (2009) Fluorescence intensity calibration using the Raman 
scatter peak of water. Appl Spectrosc 63:936–940. 

Maie N, Yamashita Y, Cory RM, et al (2012) Application of excitation emission matrix 
fluorescence monitoring in the assessment of spatial and seasonal drivers of 
dissolved organic matter composition: Sources and physical disturbance controls. 
Appl Geochemistry 27:917–929. doi: 10.1016/j.apgeochem.2011.12.021 

Mann PJ, Davydova A, Zimov N, et al (2012) Controls on the composition and lability of 
dissolved organic matter in Siberia’s Kolyma River basin. J Geophys Res 
Biogeosciences 117:1–15. doi: 10.1029/2011JG001798 

McKay L, Bondelid T, Dewald T, et al (2012) NHDPlus Version 2: User Guide.  

McKnight DM, Boyer EW, Westerhoff PK, et al (2001) Spectrofluorometric 
characterization of dissolved organic matter for indication of precursor organic 



 

 

112 

material and aromaticity. Limonology Oceanogr 46:38–48. 

Meyer JL, Tate CM (1983) The Effects of Watershed Disturbance on Dissolved Organic 
Carbon Dynamics of a Stream. 64:33–44. 

Miller MP, McKnight DM, Cory RM, et al (2006) Hyporheic Exchange and Fulvic Acid 
Redox Reactions in an Alpine Stream/Wetland Ecosystem, Colorado Front Range. 
Environ Sci Technol 40:5943–5949. doi: 10.1021/es060635j 

Miller MP, Simone BE, McKnight DM, et al (2010) New light on a dark subject: 
comment. Aquat Sci 72:269–275. doi: 10.1007/s00027-010-0130-2 

Monteith DT, Stoddard JL, Evans CD, et al (2007) Dissolved organic carbon trends 
resulting from changes in atmospheric deposition chemistry. Nature 450:537–40. 
doi: 10.1038/nature06316 

Morrison Erway M, Motter K, Karen B (2004) National Wadeable Stream Assessment: 
Water Chemistry Laboratory Manual (EPA841-B-04-008). U.S. Environmental 
Protection Agency, Office of Water and Office of Research and Development, 
Washington, DC 

Nadeau T-L, Rains MC (2007) Hydrological connectivity between headwater streams 
and downstream waters: How science can inform policy. J Am Water Resour Assoc 
43:118–133. doi: 10.1111/j.1752-1688.2007.00010.x 

Poulin BA, Ryan JN, Aiken GR (2014) Effects of Iron on Optical Properties of Dissolved 
Organic Matter. Environ Sci Technol 48:10098–10106. doi: 10.1021/es502670r 

Preston SD, Alexander RB, Schwarz GE, Crawford CG (2011) Factors Affecting Stream 
Nutrient Loads: A Synthesis of Regional SPARROW Model Results for the 
Continental United States. J Am Water Resour Assoc 47:891–915. doi: 
10.1111/j.1752-1688.2011.00577.x 

Raymond PA, Hartmann J, Lauerwald R, et al (2013) Global carbon dioxide emissions 
from inland waters. Nature 503:355–359. doi: 10.1038/nature12760 

Raymond PA, Saiers JE (2010) Event controlled DOC export from forested watersheds. 
Biogeochemistry 100:197–209. doi: 10.1007/s10533-010-9416-7 

Raymond R, Snyder K, Moore D, Grube A (2002) Marys River Watershed: Phase I 
Water Quality Monitoring. Corvallis, OR 

Rumpel C, Kögel-Knabner I (2011) Deep soil organic matter-a key but poorly understood 
component of terrestrial C cycle. Plant Soil 338:143–158. doi: 10.1007/s11104-010-
0391-5 



 

 

113 

Santhi C, Allen PM, Muttiah RS, et al (2008) Regional estimation of base flow for the 
conterminous United States by hydrologic landscape regions. J Hydrol 351:139–
153. doi: 10.1016/j.jhydrol.2007.12.018 

Scheel T, Dörfl C, Kalbitz K (2007) Precipitation of Dissolved Organic Matter by 
Aluminum Stabilizes Carbon in Acidic Forest Soils SOIL CHEMISTRY. Soil Sci 
Soc Am 71:64–74. doi: 10.2136/sssaj2006.0111 

Scheel T, Haumaier L, Ellerbrock RH, et al (2008) Properties of organic matter 
precipitated from acidic forest soil solutions. Org Geochem 39:1439–1453. doi: 
10.1016/j.orggeochem.2008.06.007 

Smith RA, Schwarz GE, Alexander RB (1997) Regional interpretation of water-quality 
monitoring data. Water Resour Res 33:2781–2798. doi: 10.1029/97WR02171 

Sollins P, Kramer MG, Swanston C, et al (2009) Sequential density fractionation across 
soils of contrasting mineralogy: Evidence for both microbial- and mineral-controlled 
soil organic matter stabilization. Biogeochemistry 96:209–231. doi: 
10.1007/s10533-009-9359-z 

Spencer RGM, Aiken GR, Wickland KP, et al (2008) Seasonal and spatial variability in 
dissolved organic matter quantity and composition from the Yukon River basin, 
Alaska. Global Biogeochem Cycles 22:1–13. doi: 10.1029/2008GB003231 

Spencer RGM, Bolton L, Baker A (2007) Freeze/thaw and pH effects on freshwater 
dissolved organic matter fluorescence and absorbance properties from a number of 
UK locations. Water Res 41:2941–50. doi: 10.1016/j.watres.2007.04.012 

Stedmon CA, Bro R (2008) Characterizing dissolved organic matter fluorescence with 
parallel factor analysis  : a tutorial. Environ Res 6:572–579. 

Stedmon CA, Markager S (2005) Resolving the variability in dissolved organic matter 
fluorescence in a temperate estuary and its catchment using PARAFAC analysis. 
Limonology Oceanogr 50:686–697. 

Stedmon CA, Markager S, Bro R (2003) Tracing dissolved organic matter in aquatic 
environments using a new approach to fluorescence spectroscopy. Mar Chem 
82:239–254. doi: 10.1016/S0304-4203(03)00072-0 

Swanson FJ, Jones JA (2001) Geomorphology and Hydrology of the H.J. Andrews 
Experimental Forest, Blue River, Oregon.  

van Verseveld WJ, McDonnell JJ, Lajtha K (2008) A mechanistic assessment of nutrient 
flushing at the catchment scale. J Hydrol 358:268–287. doi: 



 

 

114 

10.1016/j.jhydrol.2008.06.009 

van Verseveld WJ, McDonnell JJ, Lajtha K (2009) The role of hillslope hydrology in 
controlling nutrient loss. J Hydrol 367:177–187. doi: 10.1016/j.jhydrol.2008.11.002 

Vanderbilt KL, Lajtha K, Swanson FJ (2003) Patterns of Precipitation and Stream 
Nitrogen Fluxes Biogeochemistry of unpolluted forested watersheds in the Oregon 
Cascades  : temporal patterns of precipitation and stream nitrogen fluxes. 
Biogeochemistry 62:87–117. 

Vannote RL, Minshall, Wayne G, Cummins KW, et al (1980) The River Continuum 
Concept. Can J Fish Aquat 37:130–137. 

Weishaar JL, Aiken GR, Bergamaschi BA, et al (2003) Evaluation of Specific Ultraviolet 
Absorbance as an Indicator of the Chemical Composition and Reactivity of 
Dissolved Organic Carbon. Environ Sci Technol 37:4702–4708. doi: 
10.1021/es030360x 

Wickland KP, Neff JC, Aiken GR (2007) Dissolved Organic Carbon in Alaskan Boreal 
Forest: Sources, Chemical Characteristics, and Biodegradability. Ecosystems 
10:1323–1340. doi: 10.1007/s10021-007-9101-4 

Wilson HF, Saiers JE, Raymond PA, Sobczak W V. (2013) Hydrologic Drivers and 
Seasonality of Dissolved Organic Carbon Concentration, Nitrogen Content, 
Bioavailability, and Export in a Forested New England Stream. Ecosystems 16:604–
616. doi: 10.1007/s10021-013-9635-6 

Wilson HF, Xenopoulos M a (2009) Effects of agricultural land use on the composition 
of fluvial dissolved organic matter. Nat Geosci 2:37–41. doi: 10.1038/ngeo391 

Yamashita Y, Kloeppel BD, Knoepp J, et al (2011) Effects of Watershed History on 
Dissolved Organic Matter Characteristics in Headwater Streams. Ecosystems 
14:1110–1122. doi: 10.1007/s10021-011-9469-z 

Yamashita Y, Scinto LJ, Maie N, Jaffé R (2010) Dissolved Organic Matter 
Characteristics Across a Subtropical Wetland’s Landscape: Application of Optical 
Properties in the Assessment of Environmental Dynamics. Ecosystems 13:1006–
1019. doi: 10.1007/s10021-010-9370-1 

Yano Y, Lajtha K, Sollins P, Bruce A (2004) Chemical and seasonal controls on the 
dynamics of dissolved organic matter in a coniferous old-growth stand in the Pacific 
Northwest , USA. 197–223. 

 



 

 

115 

4.8 Tables 

Table 9: The summary of sampling period, sample numbers, and detection limit 
Parameters Sampling 

period 
Sample 
numbers 

Detection limit 
(average) (mg 
L-1) 

Frozen samples 

TDN Oct. 2012 – 
Mar. 2015 

523 0.04 Oct. 2012 – 
Apr. 2013 

DOC Oct. 2012 – Jul. 
2015 

573 0.05 Oct. 2012 – 
Apr. 2013 

PO4
3- - P Jun. 2013 – 

Mar. 2015 
399 0.03 May. 2014 – 

Jul. 2014 
NH4

+ - N  Jun. 2013 – 
Mar. 2015 

399 0.08 May. 2014 – 
Jul. 2014 

NO3
- - N Jun. 2013 – 

Mar. 2015 
399 0.02 May. 2014 – 

Jul. 2014 
DOM (EEMs 
and Abs254) 

Jun. 2013 – Jul. 
2015 

450 N/A None 

 
 
Table 10: Bivariate correlation  
N = 450 for DOM and N = 399 for nutrients.  
Two-tailed significance test, **: α = 0.01, *: α = 0.05 

  PO4
3- NH4

+ NN TDN DOC SUVA254 FI C1% C2% C3% 
PO4

3- 1 0.32** 0.34** 0.40** 0.39** 0.19** 0.19** -0.17** 0.27** -0.38** 
NH4

+  1 0.32** 0.47** 0.25** 0.01 -0.04 0.02 0.00 -0.06 
NN   1 0.96** 0.09 -0.05 0.27** -0.26** 0.20** 0.03 
TDN    1 0.19** -0.03 0.28** -0.28** 0.24** -0.02 
DOC     1 -0.03 0.03 -0.23** 0.41** -0.66** 
SUVA254      1 -0.36** 0.35** -0.25** -0.10* 
FI       1 -0.49** 0.37** 0.04 
C1%        1 -0.95** 0.45** 
C2%         1 -0.70** 
C3%          1 
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Table 11. Three unique components (C) identified in the central Willamette River Basin 
The excitation (Ex) and emission (Em) maxima in nm of each component are shown 
along with their characteristics identified by previous studies. 
C Ex max 

(nm) 
Em max 
(nm) 

Characteristics 

1 250 486 Humic-like component (A) (Coble 1996) of terrestrial origins 
from forested stream and wetland in Denmark (C1) (Stedmon et 
al. 2003). Additionally, associated with agricultural influence 
and found absent in wastewater in Denmark (C1) (Stedmon and 
Markager 2005) (Refer to Figures 2 and 3; Appendix 3). 

2 250  400 Humic-like component (A) (Coble 1996) with blue-shifted 
emission (C2) (Stedmon et al. 2003).  Additionally identified as 
terrestrial humic-like component from forested streams and 
wetlands in Denmark (C2) (Stedmon et al. 2003) and found 
absent in wastewater (C3) (Stedmon and Markager 2005) (Refer 
to Figures 2 and 3; Appendix 3)  

3 330 432 Terrestrial humic-like component with agricultural influence in 
Denmark (C5) (Stedmon and Markager 2005) (Refer to Figures 
2 and 3;). 
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4.9 Figures 

 
Figure 16: Map of the monthly sampling locations in the middle Willamette River Basin 



 

 

118 

 
Figure 17: Land use compositions of a 300-m buffer at each site 
Sites D, O, Z, and H do not add up to 100 % because of the presence of herbaceous and 
shrub land use.  Site U does not add up to 100 % because of water body. 
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Figure 18: Average daily flow rate (cfs), total precipitation (mm), and daily temperature 
(oC) for each water year (WY) 
Average daily flow rate was measured at site Q in the Marys River (USGS Surface-water 
daily data for the nation, 2015 (ID: 14171000)).  Total precipitation (mm) and average 
daily temperature (oC) were measured at the Finley Wildlife Refuge located south of the 
study site 
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e  

f  
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g  

h  
Figure 19: Time series of inorganic nutrients and TDN based on percent pasture/hay land 
(a – d) and stream order (e – h) 
Vertical lines indicate sampling dates. Average daily flow rate was measured at site Q in 
the Marys River (USGS Surface-water daily data for the nation, 2015 (ID: 14171000)).  
Error bars show standard error. 
Figure 19a: Time series of PO4

3- - P based on percent pasture/hay land 
Figure 19b: Time series of NH4

+ - N based on percent pasture/hay land 
Figure 19c: Time series of NO3

- - N based on percent pasture/hay land 
Figure 19d: Time series of TDN based on percent pasture/hay land 
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Figure 19e: Time series of PO4
3- - P based on stream order 

Figure 19f: Time series of NH4
+ - N based on stream order 

Figure 19g: Time series of NO3
- - N based on stream order 

Figure 19h: Time series of TDN based on stream order 
 
 

a        

b  
Figure 20: Time series of DOC concentrations based on percent urban land (Figure 20a) 
and stream order (Figure 20b) 
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Vertical lines indicate sampling dates. Average daily flow rate was measured at site Q in 
the Marys River (USGS Surface-water daily data for the nation, 2015 (ID: 14171000)).  
Error bars show standard error. 
 

a  

b  
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c  
Figure 21: Time series of FI based on percent pasture/hay land (Figure 21a), percent 
urban land (Figure 21b), and stream order (Figure 21c) 
Vertical lines indicate sampling dates. Average daily flow rate was measured at site Q in 
the Marys River (USGS Surface-water daily data for the nation, 2015 (ID: 14171000)).  
Error bars show standard error. 
 

 
Figure 22: Time series of SUVA254 by percent urban land 
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Vertical lines indicate sampling dates. Average daily flow rate was measured at site Q in 
the Marys River (USGS Surface-water daily data for the nation, 2015 (ID: 14171000)).  
Error bars show standard error. 
 

a  

b  

c  
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d  
Figure 23: EEMs of three components identified by the PARAFAC model (Figure 23a – 
c) and their excitation emission loadings (Figure 23d) 
 

a  
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b  

c  
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d  

e  
 
Figure 24: Time series of fluorescent components with various land use 
Vertical lines indicate sampling dates. Average daily flow rate was measured at site Q in 
the Marys River (USGS Surface-water daily data for the nation, 2015 (ID: 14171000)).  
Error bars show standard error. 
Figure 24a: Time series of C1% based on percent urban land 
Figure 24b: Time series of C1% based on percent pasture/hay land 
Figure 24c: Time series of C2% based on percent urban land 
Figure 24d: Time series of C2% based on percent pasture/hay land 
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Figure 24e: Time series of C3% based on percent pasture/hay land 
 
 

 
Figure 25: An example of a protein-like EEM residual  
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4.10 Appendices 

Sample 
Locatio
n 

# of 
samplin
g events 
for 
DOM 

Strea
m 
Order 

Cultivate
d Crops 

Develope
d Forest 

Pasture 
Hay 

Wetland
s 

A 24 4 20% 16% 0% 2% 62% 
B 22 2 17% 14% 24% 24% 20% 
C 13 1 17% 1% 48% 28% 7% 
D 25 1 0% 7% 87% 0% 2% 
E 17 1 1% 18% 0% 81% 0% 
F 11 1 0% 12% 0% 69% 19% 
Z 25 2 0% 12% 2% 59% 19% 
H 16 1 0% 56% 10% 31% 0% 
I 24 2 0% 100% 0% 0% 0% 
J 25 5 0% 68% 0% 0% 32% 
K 22 1 14% 16% 0% 48% 21% 
L 18 2 0% 22% 0% 78% 0% 
M 10 1 27% 27% 0% 46% 0% 
N 23 2 41% 9% 10% 31% 10% 
O 25 4 0% 8% 0% 49% 40% 
P 25 4 0% 14% 0% 37% 49% 
Q 25 4 5% 24% 2% 52% 17% 
R 25 1 0% 90% 10% 0% 0% 
S 25 2 0% 95% 5% 0% 0% 
T 25 2 0% 100% 0% 0% 0% 
U 25 6 0% 49% 0% 11% 4% 

Appendix 2: The land use compositions and stream order for each sampling location.  
The highest possible sampling events for DOM per site were 25.  
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a 

 
b 

 
c 

 
Appendix 3: The comparison of EEM regions of components identified by this study 
(left) and by Stedmon and Markager [2005] (right) 
Appendix 3a: Component 1 
Appendix 3b: Component 2 
Appendix 3c: Component 3 
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5 Conclusions 

The main findings of Chapter 2 were that DOC concentrations remain stable but 

the compositional nature of DOM was altered after months of freezing.  This is because 

aromatic DOM preferentially precipitates while freezing.  These changes in DOM optical 

properties suggest that we need to consider the effects of natural freezing in ecosystems 

on DOM chemical characteristics.  SUVA254, percent protein, and reduced quinone-like 

components will most likely be reduced once water is frozen if there is high aromaticity, 

although the percent decrease may be highly dependent on DOM source and the percent 

decrease in protein was less than SUVA254.  Additionally, samples may appear to 

decrease in aromaticity during a freezing winter storm, but this may not necessarily mean 

the aromatic components of DOM decreased in the environment.  There may be a high 

proportion of aromatics after a long freezing event followed by a warm strong flushing 

event because precipitated DOM during the freezing season is mobilized.  

Chapter 3 revealed that fluorescent DOM characterization could indicate shifts in 

DOM transport and processes with hydrologic events in the pristine forested headwater 

streams of western Oregon.  A high proportion of a protein-like component, identified by 

fluorescent spectroscopy and characterized as bioavailable and lower in aromaticity 

compared to other components, is indicative of the increased DOM inputs from 

groundwater sources.  This effect was especially pronounced among harvested 

watersheds where coarse woody debris, not live tree biomass, was limited compared to 

reference watersheds as the lack of coarse woody debris resulted in less aromatic and 

humic-like DOM.  The proportion of a bioavailable protein-like component decreased 

with a shift in hydrologic pathways from groundwater to surface water during fall and 
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winter as highly aromatic and terrestrial DOM inputs from overland flow became 

dominant in small streams.  A protein-like or specifically a tryptophan-like EEM signal 

can be used as an indicator of shifts in hydrologic pathways in a pristine ecosystem where 

DOC:DON is not reliable due to low DON concentrations.  

Taking the knowledge from Chapters 2 and 3, Chapter 4 was conducted in a 

mixed landscape and stream orders of the middle of the Willamette River Basin to learn 

the extent of the information that UV and fluorescent DOM can reveal.  This chapter 

found that seasonal hydrologic patterns controlled UV and fluorescent DOM chemistry 

more than land use.  This is contrary to our hypothesis that differences in land use 

patterns would produce DOM chemistries that were distinguishable by UV absorbance 

and fluorescent DOM chemistry.  One explanation for our unexpected results is that these 

land use types, developed on similar geologic substrates, that had at one point all been 

forested, truly produced similar DOM chemistry.  Previous studies, which found land use 

effects on fluorescent DOM components, have compared contrasting environments such 

as agricultural lands influence observed in an estuary and tributary catchments in 

Denmark (Stedmon and Markager 2005), the Florida Everglades wetland (Yamashita et 

al. 2010), and the Florida Bay (Maie et al. 2012).  Additionally, fluorescent DOM 

components have been proven to be useful to differentiate forest and wetlands 

(Kothawala et al. 2015).  Thus, our study conducted in a relatively small area that used to 

be forest might not have varying DOM characteristics.  

Another possible explanation is that DOM chemistry from unique land use 

disturbances become obscured as the fluorescent DOM signals are truly blended in areas 

of varying land use types.  Unlike other studies examining endmember representing a 



 

 

136 

unique land use type in catchments (Yamashita et al. 2011; Cawley et al. 2014; Hosen et 

al. 2014; Lee and Lajtha, in review), the observations of this study were conducted in 

truly mixed landscapes.  

Third possible explanation for our results is that while different land uses might 

produce DOM chemistry that is initially distinguishable with these techniques, microbial 

activity in soils and streams serves to homogenize any chemical fingerprints of the source 

material through respiration of the most labile components.  This hypothesis that we term 

the “microbial blender hypothesis” is consistent with results from several previous 

studies.  For example, Fellman et al. (2009) found that a protein-like DOM signal became 

weaker with an increase in stream order as the stream went downstream further away 

from the original DOM source (soil).  Wickland et al. (2007) observed that while DOM 

leached from plants differed among varying vegetation types, DOM sampled from soils 

was more microbially processed and labile.  Similarly, Huang et al. (2015) found that soil 

DOC varied with vegetation type but differences were lost in receiving streams.  Finally, 

Yano et al. (2004) and Strid et al. (in review) found that while different detrital 

manipulation treatments produced DOC with distinct chemical fingerprints at the soil 

surface layers, these distinct signals were lost as DOM passed through the soil profile.  

Thus, as DOM moves from vegetation, to surface soil, to deep soil, and to streams, 

fluorescent DOM becomes more microbially processed.  Hence, DOM in-stream from 

various land use types become homogenized by microbial processes with increased 

stream orders and cannot be differentiated with fluorescent spectroscopy.  Further 

research in mixed landscape coupled with detail analyses of soil, soil pore from various 

the soil profile, and stream water would help to evaluate these hypotheses. 
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There are additional opportunities for future research based on the findings of this 

dissertation.  Chapter 3, conducted in the H.J. Andrews Experimental Forest, showed that 

the contribution of protein-like and bioavailable DOM increased during baseflow season 

and decreased sharply during the first high flow season in forested headwater streams.  

Future studies can focus the use of available resources during these two time periods to 

characterize DOM chemistry in detail using more time-consuming and expensive 

techniques such as chemical fractionation and measuring bioavailable DOC.  The 

bioavailability of DOM can be measured with the laboratory estimate (Wilson et al. 

2013). The DOM chemistry obtained by these techniques will augment the understanding 

of DOM cycles within forested headwater catchments. 

Chapters 3 and previous studies (Fellman et al. 2014; Huang et al. 2015) observed 

that the contribution of bioavailable/labile DOM is higher in groundwater and soil 

sources than surface sources.  The combination of Chapters 3, 4, and a previous study 

(Fellman et al. 2014) further found that the contribution of bioavailable/labile DOM was 

more prominent in headwater streams than downstream rivers.  Additionally, Chapter 4 

found DOC concentrations decreased and fluorescent index suggested more terrestrial 

DOM sources with an increase in stream orders.  In addition, the concentrations of all 

nutrient species were the highest at headwater streams.  These findings could be due to 

quick consumption of labile DOC through respiration.  The decline in DOC 

concentrations is contrary to the findings by the Fellman et al. (2014) srudy conducted in 

rivers of western Australia.  These contradicting findings need to be confirmed in a 

region with different climates as these findings could be key to understanding the poorly 

understood contribution of headwater streams (Cole et al. 2007) to the global C cycle.  
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The age and bioavailability of DOM can be measured with δ18O (Fellman et al. 2014) or 

the laboratory estimate (Wilson et al. 2013).  Additionally, sampling on multiple fluvial 

networks covering a groundwater source through a first-order stream to a downstream 

river is necessary to examine the changes in the contribution and utilization of 

bioavailable DOM along a river stretch. 

Previous studies (Yamashita et al. 2011; Cawley et al. 2014; Hosen et al. 2014), 

Chapter 3, and Chapter 4, conducted among mixed landscapes of the middle of the 

Willamette River Basin, revealed that fluorescent spectroscopy is a viable technique to 

find land use disturbance effects on DOM chemistry in headwater streams.  This suggests 

an opportunity for end-member analysis.  The equal number of headwater catchments, 

each representing 100 % of a land use type (e.g. forest, agriculture, pasture/hay, urban), 

should be selected within the same watershed using the most recent spatial land use 

dataset, NLCD 2011.  In the selection of catchments, groundtruthing would be beneficial 

to confirm the accuracy of spatial data.  Streams must be perennial for statistical analyses.  

This study setting will allow the direct comparison of varying compositions of EEM 

regions and components unique to a land use type. 

Another interesting and important topic to explore is the effect of temperature on 

in-stream DOM chemistry and fluxes.  The temperature control on DOM in streams, with 

or without fluorescent characterization of DOM, needs to be examined as climate change 

increases land temperatures as well as changes precipitation patterns, timing of 

hydrologic events, ice mass, and snowpack.  Dissolved organic carbon concentration 

increased with stream orders while a protein-like DOM signal commonly found by other 

studies was not identified with the multivariate PARAFAC statistical model.  This 
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observation could be an indication of in-stream respiration quickly consuming labile 

DOC. This dissertation revealed that both hydrology and temperature affect DOM 

chemistry and fluxes.  An increase in temperature will affect microbial metabolism 

within streams.  Examining temperature effects on DOM chemistry will allow a more 

accurate understanding of river contributions to the global C cycle with changing climate.  
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