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Figure 4.4: Plots comparing amount of leached OM, SUVA and total fluorescence for land-
scape locations and leaching method for the 2010 samples. Each marker represents a single
soil sample and the value of the WSOM leached with water and K2SO4. Squares represent
the south-facing slope, circles the north-facing slope, and triangles the riparian zone.
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active DOC, but results from fluorescent indices indicate these fluorescent portions have

different chemical compositions (figure 4.7, 4.8). The HIX values were higher in all three

salt leaches than in water leaches, with the HIX values for the KCl leach close to double

those for the water-leached WSOM, the K2SO4 values higher, and the CaCl2 HIX higher

still. This higher HIX value indicates organic matter with a lower H:C ratio, likely bigger

molecules with more rings and double bonds. If this more humified material is bound tightly

to mineral surfaces, it is possible the Ca2+ cation releases them more effectively than the K+.

Additionally, a higher HIX value would be expected to correspond to a higher SUVA254 value,

since they measure similar characteristics of OM and both utilize an excitation wavelength

of 254 nm. While this is true between the salt leachates, where for both SUVA254 and HIX

CaCl2 has higher values than K2SO4 which has higher values than KCl, the HIX values are

higher for salt-leached WSOM and the SUVA254 values are higher for water-leached. This

furthers the evidence that SUVA254 cannot be reliably used to analyze water-leached WSOM.

The FI from all three salt leachates was higher than for the water leachates. The
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Figure 4.7: A comparison of fluorescence indices across catchment locations and leaching
methods for the 2010 samples leached two ways. Squares represent the south-facing slope,
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FI values for K2SO4 were closest to that of water, with KCl higher, and CaCl2 usually

even higher, indicative of more microbially-produced organic matter. The BIX values for

the salt leaches were much closer to those of the water, with the K2SO4 values comparable

to the water values, the CaCl2 values slightly higher, and the KCl still higher, indicating

greater input of recently produced WSOM in the leaches that contained Cl−. This pattern

of more microbially-derived/recently-produced WSOM in the samples leached with chloride-

containing salts was found in both the FI and BIX, possibly indicating that Cl− ions could

increase cell lysis and the release of these molecules into solution. The % protein, calculated

using the PARAFAC results as the percent of total loadings from components 7 and 8 was

distributed around the 1:1 line.

The higher total fluorescence found in water-leached WSOM results in higher DOC-

normalized loadings in the water-leached samples for the PARAFAC components, however

many of the component loadings vary between the salt leaching methods (fig 4.9, 4.10).

Loadings for C1 and C2 are both lowest for KCl leachates and highest for CaCl2 leachates,

with K2SO4 values between the others. This suggests that CaCl2 and K2SO4 either leach a

greater portion of humic material in a reduced state, or cause the WSOM to be more reduced

in solution. C5 and C6, humic-like components that are more oxidized, both have slightly

higher values for CaCl2 leachates, but for C5 the K2SO4 leached samples have the smallest

loadings while for C6 the KCl samples are smallest. The higher loading in both reduced and

oxidized humic fluorophores in the CaCl2 leached WSOM accounts for the observed broader

humic peak in these samples. Loadings for C3 all occur within the same range for the salt

leaches, demonstrating no clear difference due to method in release of this oxidized quinone-

like fluorphore but, for some samples the loadings are higher in the salt-leached samples

than the water-leached. Due to appearing almost exclusively in the water-leached WSOM,

C4 has loadings close to 0 for all the salt leaches. Loadings for C7 are slightly higher for

KCl leachates and loadings for C8 are comparable for salt and water leaches. It is the higher

values for C7 loadings that drive the KCl leachates to have a higher overall % protein.



86

0 5 100

2

4

6

8

10

Water Leach

K 2SO
4 L

ea
ch

C1

0 2 4 60

2

4

6

Water Leach
K 2SO

4 L
ea

ch

C2

0 5 10 150

5

10

15

Water Leach

K 2SO
4 L

ea
ch

C3

0 5 100

2

4

6

8

10

Water Leach

K 2SO
4 L

ea
ch

C4

 

 
South Facing
North Facing
Riparian

0 2 40

1

2

3

4

Water Leach

K 2SO
4 L

ea
ch

C5

0 2 40

1

2

3

4

Water Leach

K 2SO
4 L

ea
ch

C6

0 2 40

1

2

3

4

5

Water Leach
K 2SO

4 L
ea

ch

C7

0 2 40

1

2

3

4

Water Leach

K 2SO
4 L

ea
ch

C8

Figure 4.9: A comparison of the DOC-normalized loadings of the 8 PARAFAC components across landscape location and leaching
method for the 2010 samples, using the same symbols as in previous graphs. Note that component 4 is almost entirely present
in the water-leached samples.
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4.4.3 WSOM Chemistry Across the Landscape

During the time period from snowmelt to mid-summer, there was no significant change

in the chemistry of WSOM from the surface soil to correspond with shifts in stream DOM (fig

4.11) however there were consistent differences in WSOM chemistry between the north-facing

slope, south-facing slope, and riparian zone (fig 4.4, 4.5). For the water-leached WSOM, the

south-facing slope released the least WSOM and the north-facing slope and riparian zone

soil released more OM. There is a less pronounced difference between the slopes in the salt-

leached samples, though the south-facing slope DOC is slightly lower overall. There are no

clear distinctions between locations for SUVA254 or total fluorescence.
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Figure 4.11: The FI over time of WSOM leached with water and K2SO4 from each of the
soil plots with soil collected in 2010. ‘NA’ is the plot highest up the north-facing slope, with
‘NB’ and ‘NC’ downslope and ‘ND’ in the riparian zone. On the south-facing slope, ‘SA’ is
the highest plot with ‘SB’, ‘SC’, and ‘SD’ further downslope. There was no clear change in
FI over time in the surface soil WSOM.
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The fluorescence indices (fig 4.7, 4.8) demonstrate a clear difference in the WSOM

chemistry between the locations. For all leaching methods, the HIX is highest and varies the

most in the south-facing slope and is lowest in the riparian zone. This indicates a greater

proportion of large, complex, potentially older, molecules on the south-facing slope. The

north-facing slope, with less sun exposure and greater soil moisture, tends toward a higher

FI value than the dry south-facing slope, indicating a greater degree of microbial contribution

to the organic matter. The dark, grass-dominated, soil of the riparaian zone has some of

the lowest FI values, comparable to those found in wetlands, indicating OM dominated by

plant sources. The BIX values are also higher in the north-facing slope, indicating a greater

amount of freshly produced OM. In addition, the % protein is higher on the north-facing

slope than on the south-facing slope. All these values suggest the WSOM on the north-

facing slope has more input to the organic matter pool from microbial processes. Thus,

overall the characteristics of leached OM indicate more microbial activity on the slope with

more moisture and a deeper weathering profile. The riparian zone EEMs have a distinct

protein-like peak (fig 4.1) and a corresponding % protein higher than either slope. This

suggests that while the humic material in the riparian zone is predominately plant-sourced,

there is still significant microbial contribution in this region.

The PARAFAC components are also distributed differently between the slopes. The

reduced humic components, C1 and C2, both have lower values on the north-facing slope

than the south-facing slope for the water leached samples, with the riparian zone soil also

in the lower range. Additionally, the FI is inversely related to the value of C1/(C1 + C2)

(fig 4.12). This is a similar relationship to that found in the Cory-McKnight model between

SQ1, SQ2, and FI [17]. Thus, C2 is a microbially-derived semiquinone component and C1

is a plant-derived semiquinone combponent. The north-facing slope has a higher amount

of C2, compared to C1, and thus a more microbial FI while the ripariain zone soil has a

higher percentage of C1, giving it a lower FI value. There is less differentiation within FI in

the salt-leached samples, but the lower loading values are still from the south-facing slope,
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and SQ1 from the Cory-McKnight PARAFAC model which have a similar relationship to the
FI. This suggests that C2 is a microbially-derived semiquinone while C1 is a plant-derived
semiquinone.

indicating less micobial input.

C5 and C6, the more oxidized humic components, have more location-based variation

in the salt-leached samples than the water-leached samples. On the north-facing slope, C5

has a greater contribution to the fluorescence than on the south-facing slope, with riparian

zone values falling between the two. The opposite is true for C6, with the WSOM from the

south-facing slope having higher loadings than the north-facing slope. In the water leaches,

C3 is more prevalent in the south-facing slope and least in the riparian zone, showing less

oxidized quinone-like character in this likely reducing environment. C4, dominated by the

possible scatter peak, is found in all catchment locations. The protein-like components, C7

and C8, both have generally higher values in the riparian zone, accounting for the greater %

protein in this region. The slightly higher % protein in the north-facing slope appears to be

due to a greater contribution from C8 compared to the south-facing slope.
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4.5 Conclusion

All four leaching methods distinguished the chemical character of WSOM between

catchment locations, as measured by fluorescence. Regardless of the method, WSOM from

the north-facing slope, with more moisture and a deeper weathering profile, had a fluores-

cence profile indicating more microbial activity and fresher humic material than the WSOM

from the dry, shallow soil of the south-facing slope. The riparian zone consistently demon-

strated a higher protein-like character and reduced humic material dominated by recent

plant decay. There was, however, a difference in the chemical fluorescence of the WSOM

depending on the leaching method, indicating they leach different fractions of fluorescently

active OM. As observed by other studies, there is no standardized method for extracting

WSOM from soil [84, 79], but with the increasing use of fluorescence to analyze WSOM

chemistry, it is important to understand the differences in the fluorescently active WSOM

leached by various solutions. In general, WSOM leached with 0.5 M K2SO4, 0.01 M CaCl2,

or 2 M KCl are more similar to each other than any is to WSOM leached with water. The

possible artifacts/interference contributing to the C4 fluorescence and high SUVA254 values

these salt leachates are likely preferable methods to pure water.



Chapter 5

More Than the Sum of the Catchment: Tracing In-Stream Processing of Soil

Organic Matter

5.1 Abstract

Dissolved organic matter (DOM) inputs to first order streams are predominately from

terrestrial sources, often leached from the soil during storm events or by groundwater. Pre-

vious studies of stream and soil organic matter from a headwater catchment in the Boulder

Creek watershed have identified differences in the fluorescence signal, and thus organic matter

chemistry, between stream DOM and water soluble soil organic matter (WSOM), suggesting

stream processes are modifying the chemistry of the entering organic matter. Two tracer

studies were performed using freshly leached WSOM from the riparian zone as the reactive

tracer and chloride as the conservative tracer to understanding how the fluorescently active

fraction of WSOM changes upon entering the stream. The studies were taken at different

temperatures and flow conditions but both resulted in a rapid disappearance of fluorescence

signal from the soil due to in-stream processes. Evidence suggests microbial uptake and pref-

erential sorption to mineral surfaces could play a concurrent role changing OM chemistry.

5.2 Introduction

Dissolved organic matter (DOM) in streamwater is a heterogeneous mixture of al-

lochthonous inputs from the landscape and autochthonous inputs from biological processes

within the stream itself. Landscape inputs can arrive as overland flow, groundwater flow
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through the hyporheic zone, or litter fall which then leaches DOM into the stream. This

range of sources for DOM drives differences in DOM chemistry on a variety of timescales.

Diurnal cycles of photosynthesis and microbial activity lead to changes in DOM amount and

chemistry on the hourly timescale [64], while seasonal changes in hydrology, temperature,

litter input, and sunlight create longer cycles. In addition to temporal variance in DOM

chemistry, there is also spatial variance. Higher order streams are more likely dominated

by autochthonous input, with the shorter timeframe signals smoothed out due to the longer

hydraulic residence time [38]. Lower-order streams in forested catchments are typically domi-

nated by energy inputs from allochthonous sources [99]. These lower-order streams have been

found to show a quick response to storm events in DOM quantity and quality [34, 98] which

is predominately due to pulsed inputs from the catchment.

Although DOM chemistry in first order streams is dominated by allochthonous input

from the landscape rather than in situ production, analysis of the DOM chemistry in these

systems still indicates significant microbial input to the DOM pool. In addition, DOM is

a significant source of carbon and nitrogen to aquatic food webs and impacts many bio-

geochemical processes. DOM provides color to the water, attenuating light and impacting

photosynthesis. It also binds to metals, impacting their mobility and toxicity. Thus, under-

standing the source and drivers of DOM chemistry can help us understand the DOM-driven

nutrient dymanics and biogeochemical processes in streams.

In small forested catchments, hyporheic zone processes play a significant role in DOM

cycling [10] . Exchange between the stream and the hyporheic zone occurs across a redox

gradient. This redox gradient has been found to result in a gradient of nitrogen species, due

to their redox chemistry, and have a similar redox gradient effect on DOM species [58]. The

hyporheic zone, and other transient storage areas such as pools or eddies, act as pockets of

the stream where water, and the nutrients it contains, is temporarily held, increasing the

available time for biogeochemical processes such as microbial uptake or sorption to mineral

surfaces [41].
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Solutes in streams can be either conservative or non-conservative. A conservative

solute will have its concentration impacted only by dilution and not due to chemical or

biological reactions. Conservative solutes can either be non-reactive or can naturally exist

above biological need in the stream. Non-conservative, or reactive solutes, will have their

concentration impacted by biotic and/or abiotic processes. Thus, advection and dispersion

predominately drive the dynamics of conservative solutes in a stream, due to downstream

movement of water as well as molecular diffusion and turbulent mixing [40]. The change in

concentration over time is thus represented as:

∂C

∂t
= −u∂C

∂x
+D

∂2C

∂x2
(5.1)

C = Concentration
t = Time
u = Stream Velocity
x = Distance Downstream
D = Dispersion Coefficient

For non-conservative, or reactive solutes, a decay term must be added to the equation

to account for concentration impacts of biotic and abiotic processes such as nutrient update

and sorption. The above equation then becomes:

∂C

∂t
= −u∂C

∂x
+D

∂2C

∂x2
− λCC (5.2)

where λC is the uptake rate and C is now the concentration of the reactive solute.

Stream tracer studies, in conjunction with solute transport models, are an effective

approach to analyze nutrient uptake dynamics in streams [64]. A stream tracer experiment

which simultaneously adds both a conservative and non-conservative tracer makes it possible

to separate concentration changes due to advection and dispersion from those due to chemical

and biological reaction. They can also identify the impact of transient storage to stream

nutrient dynamics.
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Fluorescence spectroscopy has been used to characterize changes in DOM chemistry

with small samples at low concentrations, allowing stream samples to be minimally pro-

cessed before analysis and lowering the risk of altering the DOM chemistry. In addition, the

speed and precision of spectroscopic techniques have been shown to effectively identify small

changes in stream DOM during a short term event, such as a storm [34, 98]. Fluorescence

can also be used to measure DOM chemistry in soil interstitial water or from leached water-

soluble soil organic matter (WSOM) and other potential sources of DOM to a first order

stream [34] . Methods such as fluorescence indices and parallel factor analysis (PARAFAC)

enable quantification of the chemical changes observed through spectroscopy [24].

In this study, we performed two tracer studies using chloride as a conservative tracer

and freshly leached WSOM as a reactive tracer to identify in-stream processing of soil or-

ganic matter. The study site was a headwater catchment where DOM dynamics had been

analyzed over multiple years and WSOM from the surface and at depth had also been investi-

gated. DOM chemistry was found to be highly responsive to precipitation events, while also

demonstrating annual patterns similar to those found in other forested alpine catchments.

DOM, from predominantly terrestrial sources, peaked during snowmelt which was also the

period of highest discharge. Soil DOM did not demonstrate a change in chemistry over a

similar time period. Interestingly, WSOM leached from riparian zone soil was, chemically,

more different from stream DOM than WSOM leached from further up the hillslope. Soil

from the riparian zone was then used for the tracer study to see if in-stream processing could

explain this difference. The first tracer was performed in July following a spring with heavy

snow and high discharge. The second tracer was performed in October during a day with

significantly colder temperatures and following a year of little snow and low discharge.
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5.3 Methods

5.3.1 Site Description

Gordon Gulch (105.47 W, 40.04 N) is a headwater catchment with an average elevation

of 2627 m and area of 2.75 km2. In this montane forest ecosystem, south-facing slopes

have sparse ponderosa pines (Pinus ponderosa), shallow bedrock, and intermittent snow

cover. North-facing slopes have deeper soil with a dense forest of lodgepole pine (Pinus

contorta) and seasonal snowpack. The riparian zone is characterized by deep soil, tall grasses,

and stands of aspen (Populus tremuloides). The catchment has 520mm average annual

precipitation, mostly in the late spring and early summer. From March 2010 until August

2012 the discharge ranged from 8x10−5 m3/s to 2x10−1 m3/s with an average of 8x10−3

m3/s .

The stream originates in a meadow and flows at various gradients through a narrow,

shallow channel with sediment dominated by sand and gravel. Flow in the channel occurs

between many small pools and occasional riffles or small waterfalls. Parts of the channel are

clogged with debris from vegetation and there are occasional larger rocks. There are distinct

hydrologic seasons, with highest flow from late April until June, due to snowmelt, and the

stream sometimes running dry in late summer and early fall.

5.3.2 Tracer Study Design
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Figure 5.1: The Gordon Gulch discharge and precipitation prior to the 2011 (top two graphs) and 2012 (bottom two graphs)
tracer studies. The date of each study is indicated with a blue vertical line.
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The first tracer study was performed on July 20, 2011 at approximately 1 p.m. The

prior winter and spring was among the wettest years in Boulder Creek, with a high discharge

occurring late in the melt season (fig 5.1). The mean discharge was 4.4x10−3 cms and stream

temperature was 12oC (fig 5.2). Riparian soil was collected and leached in buckets of stream

water for one hour before being filtered through a fine mesh screen. NaCl was added to

the injectate at a concentration high enough to raise the stream concentration by about 2-3

mg/L. The tracer had a DOC of approximately 12 mg/L and Cl− concentration of 35 mg/L.

149 L of tracer was added to the stream over 44 min at an average pump rate of 53 ml/s,

about 1% of the discharge. Samples were collected upstream of the injection site prior to

turning on the pump and several times during the injection.
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Figure 5.2: The stream discharge and temperature measured approximately 500 m down-
stream from the tracer study, at the BC-CZO GGL gage. Measurements were recorded every
10 min.

Sampling locations were selected after reaches were either clear or clogged with debris.

The injection site was chosen at a natural flume in the stream to ensure rapid mixing of

the injectate and a site 1 m from that was considered the well-mixed location. Site 2, 10

meters from injection, was at the end of a straight channel clear of debris. There were then

substantial debris clogs, including large log jams at 23 m and 34 m, until the site 3 at 35 m.
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The stream is then clear, with many areas of visible riffles, until site 4 at 63 m, and finally

clogged with more debris until site 5 at 83 m (fig 5.4).

!"#" $%"#" &%"#" '$"#"!("#"

Figure 5.3: A map of the locations of each sampling site from the 2011 tracer. The arrow at
the left indicates the location of the pump. Reaches labeled ‘clear’ are relatively unobstructed
channels while those labeled ‘debris’ are clogged with sticks, leaves, etc.

Samples were collected in triplicate from each site before the continuous injection and

then collected throughout the experiment, with sampling frequency determined by conduc-

tivity measurements from handheld meters. Immediately following collection, samples were

filtered with either a geopump or syringe filter using a 0.7 µm GFF filter and placed in

a pre-combusted amber glass bottle. Samples were stored in a cooler until they could be

brought back to lab for storage in a 4oC refrigerator.

The second tracer study was performed on October 6, 2012 following an unusually

dry year. The air temperature was just below 0oC and light sleet was falling during the

experiment. Streamflow was very low, and the channel was completely dry at the injection

site used in the first tracer experiment. A location about 23 m downstream of the first

experiment was chosen for the second experiment, just downstream of where the stream

re-emerged aboveground. Streamflow was continuous within the study reach, but existed as

small, slow trickles between larger pools.

The injectate was created in the same manner as the first, using soil freshly leached

from the riparian zone. The DOC of the injectate was 9.8 mg/L and the Cl− was 382,000

mg/L. The 8 L slug was added to a narrow channel and six consecutive pools were chosen

as sampling sites downstream at 1.5 m, 3 m, 7 m, 10 m, 16 m and 22 m. A substantial log
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Figure 5.4: A map of the locations of each sampling site from the 2012 tracer. Numbers
indicate the meters downstream from the slug injection. The log jam between the 7 m and
10 m is indicated.

jam was present in the stream between the 7 m and 10 m pools. Samples were taken as close

as possible to the middle of each pool and collected in pre-combused amber glass bottles.

Upon return to the lab they were immediately filtered with 0.7 µm GFF filters and stored

at 4oC for analysis.

5.3.3 DOM and Water Chemistry Analysis

Chloride concentrations were measured with an ion chromatograph and are reported

in mg/L. Dissolved organic carbon (DOC) concentration was measured with Shimadzu TOC

analyzer. Stream discharge and temperature data was collected in situ by a flume and stream

gauge installed by Boulder Creek CZO.

UV-vis analysis was performed using an Agilent 8453 spectrophotometer. Absorbance

was measured every 1 nm from 190 nm to 1100 nm. To enable correction for fluorescence

inner-filter effects, any sample with absorbance at 254 nm greater than 0.2 cm−1 was diluted

to an absorbance between 0.1 cm−1 and 0.2 cm−1 at 254 nm [69, 61]. Absorbance data

was collected on both raw and diluted samples while only the diluted sample was used for

fluorescence.

Fluorescence analysis for the 2011 tracer was performed on a Fluoromax-4 and analysis

for the 2012 tracer was performed on a Fluoromax-3 (Horiba Jobin Yvon). Samples were run

at room temperature (20 ± 2oC) in a 1 cm cell. Excitation-emission matrices (EEMs) were

collected with excitation wavelengths from 240-450 nm every 10 nm and emission wavelengths
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300-550 nm every 2 nm using 5 nm slit width and 0.25 s integration time [18]. The signal was

collected in ratio mode (sample/reference) to account for variation in lamp intensity over

time. After collection, EEMs were corrected for instrument response and inner-filter effect

and the blank was subtracted, after which the entire EEM was Raman-normalized [49]. All

fluorescence data is presented in Raman Units.

5.3.4 Spectroscopic Indices and Analysis

Only a portion of both the humic and non-humic fractions of DOM is chromophoric

and able to absorb light and a fraction of that chromophoric material is also fluorescently

active. By analyzing the spectroscopic signals we can understand the chemistry of these

fractions. Specific UV absorbance (SUVA254) was calculated by normalizing absorbance at

254 nm to the DOC concentration. SUVA254, reported in units of L mg−1m−1 is a measure

of the aromaticity of the organic matter, with higher values corresponding to a sample with

greater aromatic character [101]. The fluorescence index (FI) was calculated as the ratio of

the emission intensity at 470 nm to the intensity at 520 nm at an excitation wavelength of 370

nm [55, 17] and is an indicator of precursor material to the DOM. Higher values indicate DOM

from mostly microbial sources and lower numbers correlate to plant-dominated terrestrial

sources. The humification index (HIX) is an indicator of how humified the organic matter is,

with a higher value corresponding to lower H:C ratios and a greater degree of humification.

The HIX was calculated as excitation 254 nm as the area under the peak from 435 to 480

nm divided by the area under the peak from 300 to 345 nm [104].

EEMs were fit to an 8 component PARAFAC model which had been previously de-

veloped using WSOM leached from soils in the same catchment. Parallel factor analysis, or

PARAFAC, separates the EEMs into component fluorophores that sum to create the entire

fluorescence signal. The 8 components of this model include 2 reduced quinone-like humic

peaks, 1 oxidized quinone-like humic peak, 1 unknown component which could be scatter

due to clay particles, 2 unidentified humic-like peaks, and 2 protein-like peaks (Table 5.1).
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The EEMs from the 2011 tracer study were a good fit to the PARAFAC model and all

components are presented as their raw loadings values.

Table 5.1: Location of peak maxima and identification of the eight components in the Gordon
Gulch PARAFAC model. Secondary maxima are shown in parentheses

Component Ex (nm) Em (nm) Identification
1 260 498 Reduced quinone-like humic peak
2 260 (340) 436 Reduced quinone-like humic peak
3 <240 436 Oxidized quinone-like peak
4 <240 334 Possible scatter artifact
5 330 (250) 394 Soil humic-like peak
6 260 (300) 420 Unidentified humic-like peak
7 280 324 Tyrosine-like protein peak
8 260 350 Tryptophan-like protein peak

5.3.5 Stream Transport and Transient Storage Modeling

Breakthrough curves from the 2011 tracer were modeled using the OTIS solute trans-

port model (One-dimensional transport with inflow and storage) [87]. OTIS adds later inflow

and transient storage processes to the basic advection-dispersion equation (fig 5.5). One di-

mensional flow is assumed within the stream channel and solute concentration is simulated

in both the main channel and the transient storage zone, allowing for chemical reactions in

both locations. Exchange is assumed to occur between the channel and transient storage

zone and lateral inflows and outflows could result in either a dilution effect or an increase in

concentration. The governing equations are:

∂C

∂t
= −Q

A

∂C

∂x
+

1

A

∂

∂x

(
AD

∂C

∂x

)
+
qL
A

(CL − C) + α(CS − C) − λC (5.3)

∂CS

∂t
= α

A

AS

(C − CS) (5.4)
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where C is the solute concentration in the main channel, t is time, Q is discharge, A is cross-

sectional area of the main channel, x is the distance downstream from injection, D is the

dispersion coefficient, qL is the lateral inflow rate, CL is the lateral inflow solute concentration,

α is the storage zone exchange coefficient CS is the storage zone solute concentration, λ is

the first-order reaction rate coefficient, and AS is the storage zone cross-sectional area.

Figure 5.5: Diagram used in the development of OTIS, with main channel transport as well
as possible additions to the stream and transient storage. Taken from Runkel (1998).

The OTIS and OTIS-p software was used to fit the Cl− conservative tracer. The

parameters found from the model were then used to model the 254 nm absorbance values

as though they were conservative, to predict what the OM character of the chromophoric

fraction would be if it were not reacting within the stream.

5.4 Results

5.4.1 2011 Tracer Experiment - Conservative Solute

Background concentration of chloride in the stream was around 0.5 mg/L while the

injectate concentration was 35 mg/L. At the well-mixed site 1 m from the injection location,

peak Cl− concentration was just over 2 mg/L, indicating that the volume of tracer added

was small compared to the volume of water in the stream, and the addition likely did not
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overwhelm the microbial response to nutrient input (Fig 5.6). The conservative tracer also

demonstrated significant attenuation between sites, with the peak concentration dropping

steadily and the peak itself broadening downstream. The first two sites had a few samples

(3 at 1 m, 1 at 10 m) with higher chloride concentrations than the other samples and these

spikes are not carried further downstream (Table 5.2). These could be an outliers due to

either inconsistencies with the addition or sample contamination. Given they aren’t outside

the realm of believable values, they could also be a result of temporal dynamics of the stream.

In addition, a full peak with both rising limb and tail was visible at the final site, indicating

the tracer reached each site of the study.

Table 5.2: Time of first sample at peak chloride from each location, as well as average peak
chloride concentration.

Site Peak Start Time (min) Ave. Peak Cl− Conc (mg/L)
1 m 1.38 1.74
10 m 3.70 1.52
35 m 19.87 1.10
65 m 30.7 1.03
83 m 34.12 0.93

At the time of the first sample from the 1 m site, the chloride concentration had already

reached its peak, with an average peak concentration of 1.74 mg/L. There was then a clear,

straight stretch of channel to the 10 m site, where again concentration had reached its peak

with the first sample, which was taken as soon as an increase in conductivity was seen on

the handheld meter, approximately 2.5 minutes after the first sample from the 1 site. Over

those 9 m the chloride peak attenuated from a peak concentration of 1.74 mg/L to 1.52 mg/L

with a substantially longer trailing limb. In the 25 m stretch between the second and third

sites, the stream was substantially clogged with debris, including two large log jams. While

the tracer traveled the first 10 m in just over 3 minutes, it took almost 20 minutes to reach

the 35 m site. The change in chloride concentration between the second and third site, from



105

0 50 100 150

10

20

30

B
C

 −
C

l

Time (min)
0 50 100 150

0.5

1

1.5

2

1
m

 −
C

l

Time (min)

0 50 100 150

0.5

1

1.5

2

1
0
m

 −
C

l

Time (min)
0 50 100 150

0.5

1

1.5

2

Time (min)

3
5
m

 −
C

l

0 50 100 150

0.5

1

1.5

2

6
5
m

 −
C

l

Time (min)
0 50 100 150

0.5

1

1.5

2

8
3
m

 −
C

l

Time (min)

Figure 5.6: Concentration of Cl−1, the conservative tracer, in mg/L for the 2011 experiment.
Graphs are for upstream (background condition) of the injection site and at each of the 5
measurement locations. Circles indicate stream samples and triangles indicate samples taken
from the injectate being added to the stream. The vertical line at 25 min indicates when the
pump was turned on and tracer addition began. Grey bars are the range of concentrations
found in the background upstream site during the experiment. Lines through the points
show the breakthrough curve as modeled by OTIS.

1.52 mg/L to 1.10 mg/L, was also the largest drop in concentration between sites and the

peak was significantly more attenuated. The next two stretches had similar patterns, with

the tracer traveling the 30 m clear stretch after 35 m in 10 minutes and the concentration

only dropping a small amount, and then a larger decrease in concentration during the debris-

clogged stretch to 83 m. Overall, the biggest change in the conservative tracer was in the

significantly clogged stretch between 10 m and 35 m.
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Table 5.3: Parameters calculated by OTIS for the breakthrough curves for the chloride
conservative solute.

Reach Debris A (m2) D (m2s−1) AS (m2) α (s−1)
1m - 10m Clear 9.22x10−1 9.16x10−1 1.29x101 2.87x10−3

10m - 35m Clogged 7.91x10−2 1.69x10−2 3.05x10−1 6.53x10−4

35m - 65m Clear 4.14x10−2 2.47x10−1 2.73x10−1 1.90x10−4

65m - 83m Clogged 6.24x10−2 1.00x10−2 1.63x10−1 5.24x10−4

OTIS was used to fit breakthrough curves to the conservative solute (Fig 5.6). In order

to model the data, the chloride peaks that appear to be outliers had to be removed for the

OTIS simulation so a smooth curve could be fit. Parameter values for A, D, AS and α for

each reach can be found in table 5.3. Values for for cross-sectional area, storage zone area and

storage exchange coefficient are similar for each reach. The dispersion coefficient, a constant

which takes into account both diffusion and dispersion, of which dispersion is the dominate

process, is an order of magnitude higher for the clear reaches than the debris-clogged reaches.

5.4.2 2011 Tracer Experiment - Reactive Solute

Both the injectate and the stream had DOC concentrations of around 12 mg/L, so the

addition of the tracer to the stream did not have an appreciable impact on the amount of

DOM in the water (Fig 5.7). However, there were spatial differences in the DOC concentra-

tion. The two sites located after clear stretches of stream, 10 m and 65 m, had lower overall

DOC concentrations than the sites located at the end of stretches clogged with debris. The

10 m site exhibited an increase in DOC concentration following the passage of the tracer,

a pattern not observed at other locations. DOC concentration increased substantially over

the last reach, from an average around 9.5 mg/L at the 65 m site to an average of around

12 mg/L at the 83 m site, compared to samples taken at the same time, and thus with the

same water temperature and sun exposure. At the 83 m site, the DOC concentration was

consistently higher during the experiment than it had been in the samples taken before start
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of the tracer.

0 50 100 150

9

10

11

12

13

B
C

 −
D

O
C

Time (min)
0 50 100 150

9

10

11

12

13

1
m

 −
D

O
C

Time (min)

0 50 100 150

9

10

11

12

13

1
0

m
 −

D
O

C

Time (min)
0 50 100 150

9

10

11

12

13

Time (min)

3
5

m
 −

D
O

C

0 50 100 150

9

10

11

12

13

6
5

m
 −

D
O

C

Time (min)
0 50 100 150

9

10

11

12

13

8
3

m
 −

D
O

C

Time (min)

Figure 5.7: Concentration of DOC, in mg/L for the 2011 experiment. Graphs are for up-
stream of the injection site (background condition) and at each of the 5 measurement lo-
cations. Circles indicate stream samples and triangles indicate samples taken from the
injectate being added to the stream. The vertical line at 25 min indicates when the pump
was turned on and tracer addition began. Grey bars are the range of concentrations found
in the background upstream site during the experiment.

While the total DOC did not change due to the tracer input, its chemical quality

was noticeably different. The absorbance at 254 nm (Fig 5.8) was significantly higher for

the injectate than in the stream, and a noticeable increase in absorbance due to the tracer

was visible at the 1 m and 10 m sites, but essentially gone by 35 m. Due to the lack

of substantial change in DOC, SUVA254 followed the same pattern as absorbance, with

an increase in SUVA254 visible in the first two sites, due to the higher SUVA254 from the

injectate, and a value indistinguishable from the background in the later sites. The site at

65 m, to correspond with the overall lower DOC values, had slightly higher SUVA254 values.
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During the development of the PARAFAC model, a correlation was found between SUVA254

and the C4 component. Because C4 is unidentified and could be due to light scatter from

clay particles, the SUVA254 values could be inaccurate. To test this the absorbance and

SUVA at 260 nm and 300 nm were both investigated. They each showed the same pattern

as SUVA254, so the original was used as it is the most commonly used index.

Using the parameters calculated by OTIS for the conservative solute, breakthrough

curves were fit to the 254 nm absorbance data (Fig 5.8), to model it as though it behaved

in a conservative fashion. Absorbance at 10 m was approximately 2/3 of what it should be

with conservative behavior. While the model also predicts a higher absorbance at the 35 m,

65 m, and 83 m sites, the data shows no increase in absorbance at these locations, indicating

the absorbance did not exhibit conservative behavior.

Changes in the fluorescence character of the stream DOM were evident concomitant

with the changes in absorbance and SUVA254. The FI for the injectate was just over 1.2, a

value typically found in wetland areas where OM inputs are dominated by decaying plant

matter, while FI for the stream was just over 1.3, indicating more microbial input compared

to the injectate OM (Fig 5.9). This difference is visible in the stream, where the FI drops

down to 1.2 at the 1 m site in the presence of the tracer and returns back to above 1.3 after

the tracer has passed. The 10 m site has a smaller drop in FI due to the tracer, only around

1.25, and then rises very slowly to return back to above 1.3. The final three sites all show

a very minimal drop in FI in the presence of the tracer. While it’s not a significant change

in FI for any of these sites, the values are consistently sightly lower over the time period

when a change in chloride concentration was observed, and slightly higher before and after

the presence of the injectate.

The HIX also indicated a change in the OM character in the first two sites, dropping

from a value around 4 to around 2.5 at the 1 m site and around 2.75 at the 10 m site (Fig

5.9). This lower HIX value is indicative of less humified material with a higher H:C ratio,

which usually correlates with smaller molecules and less ring structure. The HIX returns
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Figure 5.8: SUVA254, in L mg−1m−1 and abs254 in cm−1 for the 2011 experiment. Circles
indicate stream samples and triangles indicate samples taken from the injectate being added
to the stream. The vertical line at 25 min indicates when the pump was turned on and tracer
addition began. Curves in the absorbance graph are the result of OTIS modeling the abs254
as though it behaved conservatively.
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Figure 5.9: FI and HIX for the 2011 experiment. Circles indicate stream samples and
triangles indicate samples taken from the injectate being added to the stream. The vertical
line at 25 min indicates when the pump was turned on and tracer addition began.
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quickly to background level after the tracer has passed, not following the same gradual return

the FI exhibited. The 35 m site and 83 m site showed no appreciable change in the HIX due

to the injectate. At the 65 m site HIX values stayed at their background level, which was

slightly lower than other sites, and then raised from 3.5 to 4 after the tracer had passed.

The behavior of the PARAFAC components is particularly interesting. Component

loadings, often considered equivalent to the concentration of the component fluorophores,

are plotted in Figures 5.10 - 5.13. Components 1 and 2 are both reduced quinone-like humic

peaks with fluorescence signal in areas where the FI is calculated. Loadings of C1 for the

injectate and stream are essentially the same, hovering just below 0.25, however in the first

two sites, during the time the tracer is present, the C1 loading decreases, raising again after

the tracer passes. C2 loadings are lower in the injectate than the stream, and like C1 the

loadings decrease in the presence of the tracer in the first two sites. Just like for absorbance

and SUVA, influence of the reactive tracer at 35 m and beyond is unidentifiable.

Component 3, an oxidized quinone-like component, behaves like C1. The loadings of

the injectate itself are indistinguishable from the stream, and yet the loadings decrease while

the tracer is present in the first two sites. Component 4, an unidentified component found in

several WSOM studies and a possible fluorescence artifact, behaves in the opposite manner.

Loading for the injectate is similar to loading in the stream background, yet nearly doubles

during tracer addition in the first two sites.

Component 5, a humic peak identified in soil samples, was strangely absent from the

injectate but present in small quantities in the stream. There was little impact to this minor

component due to tracer addition. Component 6, an unidentified humic-like peak, showed

higher loadings in the injectate than the stream, yet the loadings dropped significantly at

the first site, then show little change from the 10 m site and further downstream.

Components 7 and 8 are both protein-like fluorophores. C7, which corresponds to

tyrosine, has slightly higher values in the injectate, and a noticeably increased signal due to

tracer additions. The sites following a debris-clogged reach (35 m, 83 m) have higher loadings
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of this component than the sites following clear reaches (10 m, 65 m). C8, a tryptophan-like

component, demonstrates no change in loadings due to the tracer, but like C7 has higher

intensity following the debris-clogged reaches of the stream.

For all 8 components, the loadings at the 85 m site are at least double the loadings at

the other sites. This leads to an overall increased total fluorescence at this location which

corresponds to an increase in the DOC from the 65 m site to the 83 m site. The magnitude

of this increase is largest in C5, though even at the 83 m site C5 has the smallest loading.
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Figure 5.10: C1 and C2 loadings for the 2011 experiment. Circles indicate stream samples
and triangles indicate samples taken from the injectate being added to the stream. The
vertical line at 25 min indicates when the pump was turned on and tracer addition began.
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Figure 5.11: C3 and C4 loadings for the 2011 experiment. Circles indicate stream samples
and triangles indicate samples taken from the injectate being added to the stream. The
vertical line at 25 min indicates when the pump was turned on and tracer addition began.
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Figure 5.12: C5 and C6 loadings for the 2011 experiment. Circles indicate stream samples
and triangles indicate samples taken from the injectate being added to the stream. The
vertical line at 25 min indicates when the pump was turned on and tracer addition began.
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Figure 5.13: C7 and C8 loadings for the 2011 experiment. Circles indicate stream samples
and triangles indicate samples taken from the injectate being added to the stream. The
vertical line at 25 min indicates when the pump was turned on and tracer addition began.
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5.4.3 2012 Tracer Experiment

The 2012 tracer had a much higher chloride concentration than the previous experiment

and was also a slug tracer as opposed to a continuous injection. In addition, the day of the

experiment was much lower overall streamflow and colder. The 8L slug addition resulted

in a substantial increase on the chloride concentration (Fig 5.14), raising the concentration

at the 1.5 m site from a background of 2 mg/L to over 10,000 mg/L. While the pulse

appeared and left quickly, it took almost 10 minutes for the concentration to drop back,

displaying substantial attenuation and transient storage almost immediately. With each site

the chloride peaked was lower and broader, but even at the last site the concentration rose

to 390 mg/L, indicating the tracer did not get diluted to as low a value by the stream as

the previous tracer had, and the input of both conservative and non-conservative solutes

could have been substantial. The biggest change in the chloride peaks was between the 7

m and 10 m sites. A substantial log dam between these locations impacted streamflow and

significantly attenuated the peak, causing a much longer tail after the peak concentration.

OTIS was unable to adequately model this system.

The DOC concentration also increased due to the tracer. In the first site it increased

from a background of 2 mg/L to 4 mg/L where the chloride also spiked. The increase at the

second site was down below 3 mg/L and continued to decrease with each site until the 16 m

site, when there was no appreciable change. The final site, at 22m, had a higher overall DOC

than the site before it throughout the experiment. Like the first experiment, absorbance and

SUVA254 followed similar trends. In the first two sites both increased where DOC and Cl−

increased, indicating a more aromatic signal, and then decreased after the tracer passed back

to stream conditions. At the 7m site This decrease was also evident, though just as the DOC

did not drop, neither did the SUVA or absorbance, indicating that the log jam after this site

held back the flow enough that we failed to measure the full tail of the pulse.

The background FI value was higher, around 1.45, than it had been for the previous
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experiment, but addition of the tracer still dropped the FI, down to 1.3 at the 1.5 m site

and 1.4 at the 3 m site, increasing back up after the tracer passed. Prior to the arrival the

tracer, judging by the chloride pulse, the FI of the 7m site had already begun to increase,

and then decreased back down to previous background levels with the arrival of the injectate.

The 10 m sample also had an FI consistently higher than previous samples, indicating more

microbial input into this pool. The final two pools had no visible change in FI.

The HIX displayed substantial variation during the experiment. At the 1 m site it

reached its lowest value after the chloride concentration peaked, and then was higher than

background after the tracer has passed through the pool. The 3m pool had a slight decrease

in HIX which returned back to stream background after the tracer passed. The 7m site

had increasing HIX concurrently with the increase in FI values, which then dropped below

background level. No appreciable change in HIX was observed at the other sites.
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Figure 5.14: Concentration of Cl− and DOC in mg/L for the 2012 experiment. Grey bars are
the range of concentrations found in the background upstream site during the experiment.
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Figure 5.15: SUVA254, in L mg−1m−1 and abs254 in cm−1 for the 2012 experiment. Grey bars
are the range of concentrations found in the background upstream site during the experiment.
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Figure 5.16: FI and HIX for the 2012 experiment. Grey bars are the range of concentrations
found in the background upstream site during the experiment.
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5.5 Discussion

The downstream transport of the conservative tracer provides information about the

hydrologic controls on the the dynamics of transport of all solutes within the stream. Reaches

in this study were shorter than is commonly used in nutrient addition tracer experiments,

and yet the results indicate a high degree of transient storage interaction. For the first

tracer experiment, the unusually high dispersion constant calculated for the simulations of

the first reach (1 m - 10 m) is most likely an artifact of the sampling and modeling processes.

Samples were not collected sufficiently closely spaced in time to capture changes during the

rising limb, nor for the section between the end of the plateau and the tail. The model

results are sensitive to these portions of the breakthrough curve [90]. However, a significant

exponential tail is visible at the 10 m site, indicating substantial interaction with transient

storage regions in this reach. The 0-10 m reach visually appeared to be a clear, fairly straight,

channel with no large pools, such that transient storage would most likely involve stream-

sediment exchange. In order for the tail to become so large in such a short distance, both

the transient storage cross section and the exchange rate had to be relatively high.

The chloride peak at 1 m and 10 m is higher than the peaks found in the later three

sites. For a continuous injection tracer we would expect this peak to appear at the same

concentration in all sites if there was no change in discharge and no storage of tracer con-

taining stream in long time scale storage zones. The observed decrease most likely indicates

some amount of lateral inflow along the reach, which has a dilution effect on the tracer. The

biggest change in concentration occurs between 10 m and 35 m, suggesting the largest lateral

flow input is at this reach. There is a groundwater spring which runs in the spring and early

summer and flows into the stream between these sites. On the day of the tracer experiment,

this spring did not visibly reach the stream over the surface, but could still be adding the

stream below ground.

The second tracer demonstrated significant attenuation of the chloride peak between
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linked pools, with the max dropping from 10,000 mg/L at the 1.5 m site to 3000 at the 3 m site

and 1500 at the 7 m site. In this case, the transient storage was likely significantly dominated

by the solute being stored and mixed within each pool as it slowly moved downstream, as

well as impacted by flow through the hyporheic zone. In the first three sites the rising limb

is steeper than the tail. The log jam between the 7 m and 10 m site, which substantially

slowed down the flow, resulted in a much more gentle rising limb in the 10 m site which is

then replicated in downstream sites.

In the first tracer experiment, in which the stream and the tracer had the same DOC

concentration, there was not a significant change in DOC concentration due to tracer in-

put. In addition, the decreasing flow due to evapotranspiration during the time period of

the experiment (Fig 5.2) could potentially have led to an increase in DOC concentration as

the water volume decreases. The upstream site had a varying, slowly decreasing DOC con-

centration throughout the experiment, indicating the highly dynamic nature of the stream.

Such variation in a stream may reflect continuing additions of DOM from external inputs

as well as internal inputs from microbial processes or litter leaching. In addition, DOM is

constantly being consumed as part of the microbial loop in an aquatic food web.

The end of each clear reach (10 m and 63 m) had a lower overall DOC concentration

value than the background DOC concentration, suggesting more DOM is consumed than

produced in these sections. This pattern further suggests that there is less litter to leach fresh

DOM into the system. Interestingly, the 10 m site shows an increase in DOC concentration

after the tracer has passed (Fig 5.7). This DOC increase corresponds to a long, slow increase

in FI which begins before the chloride concentration starts to decrease (Fig 5.9). Higher FI

values indicate more microbial input to the DOM pool. A WSOM addition experiment

in Alaska demonstrated fast microbial response (within 25 m) to DOM inputs to a small

forested stream [26] and the DOC concentration increase in Gordon Gulch could be evidence

of a similarly fast microbial response. Carbon and nitrogen from the WSOM addition could

have been an important nutrient source for aquatic microbes. The FI values suggest a fast



124

microbial response to the DOM addition which then increases the microbial signal of the

DOM. This microbial response could then cause the increased DOC concentration after the

tracer has passed, as microbial activity accelerates release of DOM in the water due to litter

decomposition and microbial exudates.

The lowered DOC concentration values further downstream (35 m, 65 m) could be due

to a dilution effect from the lateral inflow suggested by the chloride concentration. Like the

10 m, the 65 m site follows a reach relatively clear of litter, and potentially an area of the

stream where DOM is lost rather than gained, accounting for the low DOC concentration at

the 65 m site. Because the WSOM input from the tracer appears to have disappeared before

this reach, there is no microbial nutrient reaction to increase the DOC concentration as was

seen at the earlier clear reach. The final site at 83 m follows a reach with significant debris,

including multiple log jams and the higher DOC concentration is likely due to leaching of that

litter. The 83 m site also had a higher total fluorescence, as indicated by all the PARAFAC

components having higher total loadings; so not only is the DOC higher at this site, but the

additional DOM is fluorescently active.

In the first experiment the changes in SUVA are almost entirely driven by changes in

the absorbance rather than the DOC. A decrease in SUVA is indicates a smaller fraction of

the DOM is composed of chromophoric, aromatic material which is usually humic in nature.

The more colored material from the WSOM is evident in the earlier sites, raising the SUVA

from about 2 to 5, and the SUVA values stay above 4 in the 10 m site, before returning

to background levels at the 35 m site. Absorbance values drop faster between sites than

would be expected were the chromophoric portion of the DOM behaving in a conservative

manner. This decrease is not purely due to a dilution effect, such as due to lateral flow of

spring water with little chromophoric DOM, because in that case the absorbance and SUVA

would still be higher at each site the way the conservative tracer was visible. Therefore, the

abrupt decrease in absorbance indicates that either part of the chromophoric portion of the

organic matter was preferentially sorbed to mineral surfaces or preferentially consumed by
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microbes. If the process was predominantly microbial, it could have also contributed to the

pronounced FI increase at the 10 m site.

The changes in the HIX and the PARAFAC components can assist in interpreting the

SUVA values. SUVA is calculated using the absorbance at 254 nm and HIX is a fluorescence

index calculated by the emission intensity of EM435−480 divided by EM300−345. The humifi-

cation process results in a decreased H:C and a shift in the emission spectra toward longer

wavelengths, so the EM435−480 region is associated with more humified material and the

EM300−345 region with less humified material. A higher SUVA value indicates an increased

proportion of the DOM is comprised of aromatic, chromophoric DOM, which generally has

a lower H:C. A higher HIX value correlates with a lower H:C ratio within the fluorescently

active humic material, a fraction of the chromophoric DOM. Generally a higher SUVA value

correlates with a higher HIX value, but in this case we observe HIX values dropping in the

presence as the tracer as SUVA values increase. The PARAFAC components with fluores-

cence intensity in the EM435−480 region, C2, C3 and C6, all decline in total loadings in the

presence of the tracer. At the same time, the components with fluorescence intensity in

the EM300−345 are either unchanged by the tracer (C8) or increase due to the tracer (C4).

Thus, while the addition of WSOM as a reactive tracer increases the portion of the overall

chromophoric DOM to the system, this addition is predominately an increase in the lower

wavelength protein region, leading to a decrease in the concentration of the higher wavelength

humic region. Since microbes are likely to consume the protein-lke DOM more quickly than

the humic DOM, this could also be a preferential sorption of the humic-like DOM to mineral

surfaces within the stream [57].

The second tracer study also appears to have a microbial response to the tracer input.

In the first three sites the DOC and Cl concentrations both decrease significantly as the

tracer is spread by advective and dispersive processes. While OTIS was not able to model

this data, the visual change in the breakthrough curves suggests a high degree of transient

storage for this system as the water is stored in each pool before flowing downstream. Like
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before, there was also a difference in DOC concentration between the sites at the beginning

of the experiment, reinforcing the idea of the stream as a dynamic system in space as well as

time. The pool following the log jam, where the stream briefly disappeared below the litter,

has a higher DOC, possibly due to material leached from the logs, and each following pool

continues to have an increased concentration of organic matter.

Like the first experiment, the tracer in the second experiment had higher absorbance

and SUVA values than the stream, which decreased with each downstream site until the 10

m site, at which point there was no longer a noticeable impact from the tracer. Though

these last three sites had a higher background absorbance, once they were normalized to

their higher DOC values the SUVA was relatively consistent until the last site, where it

dropped slightly. The FI decreased in the first two sites, but increased in the third pool

where the water is stored by the log jam. This increase in FI indicates more microbial input

to the DOM. The first study found an increase in FI in response to the tracer, and this could

be the same response, only magnified due to the longer timeframe of the storage within the

pool.

In general, the stream response to the second tracer was similar to the response to the

first tracer. The spectroscopic signal of the WSOM addition disappeared in a fairly short

distance (within 35 m the first time and 10 m the second time) after being added to the

stream, so the DOM was no longer distinguishable from normal stream background. While

both sorption and microbial processes are known to impact DOM in streams, and both are

likely occurring here, changes in the FI signal as well as the PARAFAC components strongly

suggest microbial processing of the WSOM addition. The fact that this was observed on a

warm day following a high flow year and on a cold day following a low flow year suggests

that these processes are active in a wide range of climatic conditions.
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5.6 Conclusion

Small, low order, streams in forested catchments are often highly dependent on their

catchment for nutrient inputs. They are also highly dynamic, with diurnal cycles of discharge

and temperature and pulsed inputs of nutrients from the terrestrial environment. Thus,

microbial populations in these streams may be adapted to respond quickly to these nutrient

pulses before this resource is transported downstream. The freshly leached WSOM we added

to the stream immediately changed the DOM composition of the stream, as measured with

the fluorescence signal, and yet this change in character had completely disappeared within

the first 35 m of the stream. Changes in the FI and in the humic and protein-like portions

of the EEMs suggest a quick microbial response to the input WSOM, and that sorption

to mineral surfaces is also a likely factor in this process. These results indicate that while

catchment inputs are a significant driver of DOM chemistry and stream nutrient dynamics,

in-stream processing of these catchment inputs occurs very quickly and has just as significant

an impact on the chemistry of the organic matter.



Chapter 6

Summary

The goal of this study was to utilize fluorescence techniques to understand the dynamics

of soil and aquatic organic matter within a catchment. Organic matter plays a significant

role in many biogeochemical processes in aquatic and terrestrial systems and also impacts

water quality for anthropogenic water treatment. Thus, it is important to understand the

controls determining organic matter chemistry.

Dissolved organic matter (DOM) had more variation in both quality and quantity

in the first order catchment of Gordon Gulch than it did in Boulder Creek, the third order

stream Gordon flows into. This indicates that Gordon Gulch responds very quickly to inputs

from the catchment but this quickly fluctuating signal is smoothed out by the time it reaches

the larger stream. Regardless, both systems demonstrate overall patterns of increased DOM

concentrations during snowmelt, immediately preceding peak discharge. The increased DOM

is flushed from the terrestrial landscape, changing the chemistry of the stream DOM. Barker

Reservoir, an interruption in the flow of Boulder Creek, further changes the DOM chem-

istry. Water stored in the reservoir has an increased hydraulic residence time, and results in

increased microbial input to the total DOM.

In an attempt to understand inputs of DOM to Gordon Gulch, the water soluble

soil organic matter within the catchment was analyzed. Soil pits dug at various locations

revealed that most of the organic matter was present in the upper horizon of the soil, and

this organic matter looked most similar, chemically, to that found in the stream, suggesting
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that this surface organic matter could be a significant source for the stream. In addition, the

chemical character of the organic matter changed with depth and an inverse relationship was

found between FI, an indicator of the precursor material of the OM, and RI, an indicator of

the redox state of the humic fraction. This suggests organic matter in the soil could play a

role in microbial weathering of bedrock surfaces.

One difficulty with studying soil organic matter is the variety of leaching methods for

extracting water soluble organic matter (WSOM) from the soil. Four common solutions were

compared and each was found to result in changes in the WSOM chemistry. The three salt

solutions were most similar to each other, with water leaching material that fluoresces at

lower excitation wavelengths. All four leaching methods identified distinct organic matter

pools between the north-facing slope, south-facing slope, and riparian zone. The north-

facing slope, with deeper soil and more moisture, had evidence of more microbial input to the

organic matter. The riparian zone soil had several features similar to organic matter typically

found in wetlands, indication of high input from decaying plant matter. Surprisingly, the

riparian zone organic matter was the most different from the stream organic matter, in spite

of it being the closest spatially.

Two tracer studies were executed in an attempt to identify why the riparian zone

WSOM was so different from stream DOM. Freshly leached WSOM from the riparian zone

was used as a reactive tracer while chloride was used as a conservative tracer. The first

study used a continuous injection on a day with average streamflow and warm temperatures.

Initially the tracer input changed the DOM chemistry, but within 35 m the signal from the

reactive tracer had completely disappeared, suggesting a quick microbial response to the

WSOM. The second tracer utilized an instantaneous injection on a cold day with minimal

flow. In spite of these environmental differences, a similarly quick microbial response was

observed, along with a disappearance of the tracer signal a short distance downstream. This

suggests that while catchment inputs can drive DOM chemistry, in-stream processing also

has a fast and significant impact.
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