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1 Introduction



1.1 Introduction

Hillslopes are the fundamental units of upland catchments and subsurface flow
is the dominant runoff mechanism in many forested upland catchments around the
world (Bonell, 1998). Subsurface flow processes not only control the quantity of
runoff from upland forested catchments but also the flushing of soluble nutrients into
surface waters (Creed et al., 1996; Hill et al., 1999; McHale et al., 2002). Subsurface
flow during and between rainfall eventsis complex and a myriad of different
behaviors have been revealed since the first hillslope hydrological investigations in the
1940s by Hursh and Brater (1941). Recent reviews by Weller et a. (2005) and Beven
(2006) show that it has been difficult to generalize hydrologica behavior from
individual field studies that focus on only a handful of storm events. Studies have been
amost exclusively reductionist in their approach and rules for hillslope behavior based
on measurable rainfall or antecedent wetness conditions, even at well-studied sites,
have not been developed (Uchida et al., 2005). Determining subsurface flow behaviors
across different antecedent wetness conditions from a top-down perspective is mgjor
research need in hydrology (Sivalapan, 2003) and is a blueprint for identifying
dominant hydrological controls on stream nutrient patterns.

The term flushing mechanism has been used in the hydrological literature to
describe the movement of solutesin relation to hydrological processes (Burns, 2005).
To date, the flushing of nutrients has been explained qualitatively by (1) arising water
table that intersects high nutrient concentrations in the upper soil layer (Hornberger et

a., 1994; Boyer et a., 1997), (2) vertical transport of nutrients, by preferential or



matrix flow through the (deeper less bio-active) soil to the soil-bedrock interface and
then laterally downslope (Hill et al., 1999; Buittle et a., 2001; Creed et d., 1996), and
(3) vertical transport of nutrients into the soil and then laterally within the soil profile
(e.g. Gaskin et a., 1989). In each of these conceptual models, an unlimited supply of
nutrients during storms is assumed, although no hydro-biogeochemical studies to date
have tested this explicitly. These flushing mechanisms have some commonality in the
sense that flushing of soluble nutrients is conceptualized two dimensionally—where
water flowpaths intersect the distinct vertical soil solution chemistry profile. Recent
research has attempted to move away from this two-dimensional view of catchments
and has focused on spatia sources of stream nutrients by dissecting the catchment into
different geomorphic units (for example hillslopes vs. riparian areas). Because it is
difficult to observe hydro-(bio)geochemical expressions of hillslopes in the stream
(Hooper, 2001), due to chemical transformations in the riparian zone (Hedin et al.,
1998) or infrequent episodic flow into the riparian zone (McGlynn and McDonnell,
2003), research has been mostly focused on the riparian zone (Cirmo and McDonnell,
1997). Consequently, sources of soluble nutrients from the hillslope component that
make up the largest part of catchments, are more poorly understood compared than
those from the riparian zone.

Flushing of soluble nutrients like dissolved organic carbon (DOC) typically
resultsin a stream DOC pattern during storm events where DOC concentrations are
higher on the rising limb of the storm hydrograph compared to the falling limb. This

and other variable runoff chemistry patterns, in combination with the observation of



4
rapid mobilization of stored, pre-event water to the stream, has been coined the double
paradox by Kirchner (2003). The double paradox in catchment hydrology and (bio)-
geochemistry is a source of magjor debate and discussion in hydrology at present
(Bishop et al, 2004; Jones et a., 2006; Kienzler and Naef, 2007). Resolving the double
paradox is essentia to improve our understanding of flowpaths and predicting
transport of natural (bio)-geochemical solutes at the hillslope and catchment scale.
The main objective of this dissertation is to mechanistically assess the
hydrological controls on DOC and N transport at the hillslope and catchment scale.
The research site at the HJ Andrews Experimental Forest provides a somewhat
controlled natural experiment for this work where debris flowsin 1986 and 1996
evacuated riparian zone almost entirely. As such, hillslopes now issue directly into the
stream without riparian zone modulation. This makes for potentially major research
advancements whereby we can study directly how hillslope hydrological processes
control stream hydro-biogeochemical response. A 10 meter wide trenched hillslope
enables comparison between the single highly instrumented study hillslope and the
ensemble of hillslopes that comprise the complete catchment. We use a combination
of hydrometric data, natural tracers and artificial tracers to define the age, origin and
flowpath of subsurface water movement and how these water fluxes control transport
of dissolved constituents. A novel part of thiswork is the combination, for the first
time that we are aware, of Specific UV absorbance SUVA (to “fingerprint” sources of
dissolved organic matter), biogeochemical solutes of DOC and N (our soluble

nutrients in question), and deuterium labeled water (in a controlled sprinkler



experiment). We used these data to develop a conceptual model with transport
modeling and end member mixing analysis. We develop a mechanistically plausible
conceptual model that explains the hydrological controls on DOC and N transport at

the hillslope and catchment scale.

1.2 Thesisoutline

Chapter 2 examines subsurface flow behavior using a top-down, tree regression
approach. It focuses on analysis of subsurface flow and matric potential patternsin
response to mean rainfall intensity over different lengths of time (minutes to months)
across different antecedent wetness conditions. Wetting front velocities are calculated
and regressed against mean rainfall intensity, and modeled with Hydrus-2D (Simunek
et a., 1999) to test the hypothesis that wetting front advancement follows the Darcy-
Richard’ s equation. These analyses, in combination with groundwater level
measurements and the unsaturated hydraulic conductivity function are used to develop
a conceptual model of subsurface flow behavior. Understanding dominant subsurface
flow behaviors across different antecedent wetness conditions is important for the
prediction of flushing of soluble nutrients into surface waters (e.g. Creed et al., 1996).

Chapters 3 and 4 focus on the hydrological controls on DOC and N transport at
the hillslope and catchment scale. In chapter 3, the hydro-biogeochemical dynamics of
the hillslope component are isolated (lateral subsurface flow from the 10 meter wide
trenched hillslope) from the hydro-biogeochemical catchment response (stream water)

by comparing the two responses during the transition (Fall) period and wet (Winter-



Spring) period under different flow conditions (rain-driven vs. non-driven). SUVA is
used for “fingerprinting” water sources. In addition, the seasonal controls on lateral
subsurface flow and stream water DOC and N concentrations are examined by
comparing these patterns between the transition and wet period. Further, the role of
antecedent wetness conditions at the storm event scale is investigated by relating
antecedent wetness conditions to peak and flow averaged DOC and N concentrations.
Lastly, annual patterns of DOC and N concentrations and dissolved organic matter
quality (DOM) indices as DOC:DON and SUVA in organic horizon water, shallow
and deep soilwater, transient groundwater, seepage groundwater and lateral subsurface
flow and stream water are investigated.

Chapter 4 focuses on two storm events in December 2004 and May 2005 to test
three flushing mechanism hypotheses at the hillslope and catchment scale: (1) arising
water table that intersects high nutrient concentrations in the upper soil layer
(Hornberger et al., 1994; Boyer et a., 1997), (2) vertical transport of nutrients, by
preferential or matrix flow through the (deeper less bio-active) soil to the soil-bedrock
interface and then laterally downslope (Hill et al., 1999; Buittle et al., 2001; Creed et
a., 1996), and (3) vertical transport of nutrients and then laterally within the soil
profile (e.g. Gaskin et al., 1989). A combination of continuous fluorescence
measurements at the hillslope and catchment scale, hydrometric data and chemical
measurements (DOC, N, SUVA, CI and SO,%) of soil, groundwater, lateral
subsurface flow and stream water, end-member mixing analysis are used to develop a

mechanistic assessment of the flushing mechanism and the development of a



conceptual model of the dominant controls on DOC and N concentrations in lateral
subsurface flow and stream water during storm events.

Chapter 5 presents a 24 day sprinkler experiment at the hillslope scale with the
objective to mechanistically assess the double paradox of rapid mobilization of stored,
pre-event water to the stream during storm events but variable runoff chemistry.
Steady simulated rainfall was used in combination with the application of |abeled
(deuterium) in the sprinkler water at the start of the experiment to enable clear and
unambiguous flowpath identification. Detailed measurements of DOC and N
concentrations in organic horizon water, soil and groundwater and lateral subsurface
flow, and weekly DOC and N soil extractions provide sources of DOC and N to lateral
subsurface flow to answer whether DOC and N are supply-limited or not limited.
Lastly, modeling the deuterium breakthrough curve with the advection-dispersion-first
order mass transfer equation is used to constrain transport parametersto aid in the
development of a plausible conceptual model of rapid mobilization of old water but

with variable runoff chemistry.
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2.1 Introduction

Understanding the link between rainfall and runoff is fundamental to
hydrology. Hillslopes are the fundamental units of upland catchments and subsurface
flow isthe dominant runoff mechanism in many forested upland catchments around
the world (Bonell, 1998). Subsurface flow processes not only control the quantity of
runoff from upland forested catchments, understanding subsurface flow processesis
also important for predicting landslide initiation (Iverson, 2000; Montgomery et al.,
2002) and flushing of soluble nutrients into surface waters (e.g. Creed et al., 1996;
McHale et a., 2002; Hill et a., 1999).

The subsurface flow response within hillslopes to rainfall has revealed a
myriad of different behaviors from reductionist, bottom-up, experimental field
investigations and modeling studies, between different sites and under different
antecedent wetness conditions since the first hillslope hydrological investigations in
the 1940s by Hursh and Brater (1941). These observed and modeled processes at the
hillslope scale, recently reviewed by Weiler et a., (2005) and Beven (2006), included
(1) transient saturation at the soil bedrock interface (Weyman, 1973; Dunne and
Black, 1970) or transient saturation at soil horizon contacts (Whipkey, 1965; Mosley,
1979), (2) matrix- and vertical and lateral macropore flow (Mosley, 1982; McDonnell,
1990; Tsuboyama, 1994), (3) the observation that subsurface flow is dominated by
pre-event water (Pearce et al., 1986; Sklash et al., 1986, McDonnell, 1990) and (4)
unsaturated zone dynamics control subsurface flow response following field (Hewlitt

and Hibbert, 1963; Harr, 1977; Torres et a, 1998; Retter et al., 2006) and modeling
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studies (McCord et a., 1991 and Jackson, 1992). Notwithstanding these important
observations, it has been difficult to generalize hydrological behavior from individual
field studies that focused on a handful of storm events guided by a bottom-up
approach. Hilldopes are complex (Sivalapan, 2003), and generalization of hillslope
behavior based on measurable rainfall or antecedent wetness conditions, even at well-
studied sites has not been developed (Uchida et a., 2005). Putting measured
subsurface flow in arainfall historical perspective allows us to generalize hillslope
behavior.

We define historical rainfall as mean rainfall intensity over different lengths of
time periods (from minutes to months) prior to the subsurface flow measurement. We
realize the importance of antecedent wetness conditions and include that as a second
variable controlling subsurface flow response. In contrast to most studies that have
focused on subsurface flow and considered only storm events and storm subsurface
flow, we consider all subsurface flow measurements from dry to wet conditions.
Through this approach we make use of al the available subsurface flow and rainfall
dataand are able to identify the role of historical rainfall across alarge variety of
antecedent wetness conditions. Attempts that have been made to explore the role of
rainfall history on subsurface flow behavior to date have been largely qualitative.
Whipkey (1965) applied artificial rain through a sprinkler set up and showed that
subsurface flow was affected by antecedent wetness conditions; total seepage outflow
after dry conditions (> 4 days of no rain) was always lower than total seepage outflow

after wet conditions (< 4 days of rain). Hewlett et al. (1977) analyzed the relation
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between rainfall patterns and stormflow at the watershed scale and found that
maximum rainfall intensity had little effect on the magnitude of peak discharge. On
the other hand, Haga et al. (2005) showed that lag time between rainfall and runoff
were controlled by antecedent wetness conditions, rainfall amount and intensity.
Severa hillslope studies have found that preferential flow through macroporesis a
function of antecedent wetness conditions, rainfall magnitude and intensity (Uchida et
al., 2001; Sidle et a., 1995). Furthermore, work by Tani (1997) showed that soil
matric potential on a steep forested hillslope increased linearly with an exponential
increase in rainfall intensity and that under very wet conditions almost all rainfall
contributed to storm subsurface flow.

Although past studies improved our understanding of rainfall subsurface flow
relationships across different antecedent wetness conditions, these have been mostly
gualitative and focused only on a handful of storm events. Thus, how can we link
historical rainfall patterns across different antecedent wetness conditions to subsurface
flow through atop-down approach, in a more quantitative way and by making use of
al the available data? Tree regression is an approach that includes these features. Tree
regression is a data-mining approach that does not need information about the
complex rainfall subsurface flow relationship in parametric form. Through the use of
historical variables (i.e. rainfall or antecedent wetness conditions), regression trees
divide the dataset into smaller subsets and apply a ssmple modél (i.e. average or linear
regression) to each subset (e.g. Solomatine and Xue, 2004, lorgulescu and Beven,

2004). Furthermore, tree regression results are easy to interpret, while other regression
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techniques are often difficult to interpret (Loh, 2006). Because of these features, tree
regression can be a pathway to new learning about subsurface flow processes.

Tree regression can only find relationships that are contained in the data
(lorgulescu and Beven, 2004) and thus needs extensive continuous datasets. We have
collected extensive datasets that allow us to apply tree regression to the relation
between rainfall and both soil matric potential and subsurface flow. This enables us to
link unsaturated zone dynamics and subsurface flow from a historical rainfall
perspective. Furthermore, we determine wetting front velocities from the matric
potential dataset and relate these wetting front velocities to rainfall history by simple
linear regression to examine how the unsaturated zone controls propagation of the
rainfall pulse. Despite several studies that have shown the significant control of
unsaturated zone dynamics (e.g. Torres et a., 1998; Tani, 1997) on the subsurface
flow response, the link between unsaturated zone dynamics and subsurface flow
remains poorly understood. Water table dynamics are available but are not as
extensive as the other datasets and thus we do not use water table dynamicsin the tree
regression analysis. Rather, we plot water table dynamics (and soil matric potential
dynamics) against subsurface flow to reveal different subsurface flow behaviors and
link these to the subsurface flow tree regression results. All our analyses are ultimately
aimed at exploring the role of rainfall history on subsurface flow behavior. We address
the following questions: (1) What is the relationship between rainfall history and soil
matric potential at different depthsin the soil profile across different antecedent

wetness conditions? (2) What is the relationship between rainfall history and wetting
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front velocity? (3) How does rainfall history control hillslope scale subsurface flow

across different antecedent wetness conditions?

2.2 Sitedescription

The study hillslope is located in Watershed 10 (WS10, 10.2 ha), at the H. J.
Andrews Experimental Forest (HJA), in the western Cascades, Oregon, USA (44.2° N,
122.25° W) (Figure 2.1). The study hillslope areais located on the south aspect of
WS10, 91 m upstream from the stream gauging station. The 125 m long stream-to-
ridge slope has an average gradient of 37°, ranging from 27° near the ridge to 48°
adjacent to the stream (McGuire, 2007). Elevation at the study hillslope area ranges
from 480 to 565 m.

During the 1970s, hydrologica studiesin WS10 (Harr, 1977; Ranken, 1974)
were completed as part of the U.S. International Biological Program’s Coniferous
Forest Biome project. McGuire (2007) re-established this infrastructure witha10 m
wide trench to measure subsurface throughflow at the location of a seep that had been
previously gauged in the early to mid-1970s (Harr, 1977). Ranken (1974) collected
soil cores from seven soil pits at depths, 10, 30, 70, 110, 150 and 200 and 250 cm. Soil
cores (intotal 452) were analyzed for particle-size distributions, soil moisture release
curves, stone content and saturated hydraulic conductivity. Mean values of the six
replicated cores were reported in archived data records (Forest Service Data Bank,

maintained by the HJA Long Term Ecological Research program).
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The HJA climate has dry summers and wet winters and an annual precipitation
of 2340 mm (averaged from 1995 to 2005). The wet winters are characterized by long
and low intensity storms. Snow accumulation is not uncommon, and rarely persists for
more than two weeks (Sollins, 1981). Elevations range from 470 m at the watershed
flume to 680 m at the watershed divide. The vegetation is dominated by a naturally
regenerated second growth Douglas-fir (Pseudotsuga menzesii) stand resulting from a
1975 clear-cut harvest.

Sail textures range from gravelly, silty clay loam to very gravelly clay loam.
Surface soils are well aggregated, but lower depths (70-110 cm) exhibit more massive
blocky structure with less aggregation than surface soils (Harr, 1977). Beneath the
weakly developed A and B horizonsisrelatively low permeability, partially weathered
parent material (saprolite) ranging in thickness from 1 to 7 meters (Ranken, 1974;
Sollins et al., 1981). The depth to unweathered bedrock ranges from 0.3 to 0.6 m at
the stream-hillslope interface and increases gradually toward the ridge to
approximately 3to 8 m. Soils are underlain by bedrock of volcanic origin, including
andesitic tuffs and breccia (James, 1978). Soils, formed either in residual parent
materia or in colluvium originating from these deposits are highly andic and vary
across the landscape as either Typic Hapludands or as Andic Dystrudepts (Yano et al.,

2005).
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2.3 Methods
2.3.1 Infrastructure
The hillslope trench for capturing lateral subsurface flow was constructed by

McGuire (2007) and consists of steel sheeting that was anchored 5 cm into exposed
bedrock and then sealed with cement. Bulk intercepted subsurface water was routed
to a calibrated 30° V-notch welr that recorded stage at 10-minute time intervals using a
1-mm resolution capacitance water level recorder (TruTrack, Inc., model WT-HR).
Precipitation was measured with atipping bucket and storage gauge in a small canopy
opening on the hillslope. The drainage area of the hillslope to the trench was
delineated from atotal station topographic survey of the entire hillslope (Figure 2.1).
We used arounded value of 0.2 hain all subsequent analyses.

Soil matric potential was measured by 7 fast responding tensiometers (type:
UMS T4, 1 bar porous cup), that were installed vertically in atriangle pattern (two sets
of three tensiometers at 30 and 70 cm depth, and one tensiometer at 100 cm depth).
The tensiometer triangle was located 25 m upslope from the hillslope base (Figure
2.1). Weingtalled the tensiometers close to each other (horizontal distance downlslope
was ~0.9 m) in atriangle to calculate unsaturated flow vectors without bias of an
elevation gradient. This enabled us to investigate the possible occurrence of an
unsaturated lateral flow component during storms.

Transient saturation was measured with 69 maximum rise cork wells (32 mm
diameter). However only four wells showed (consistent) transient saturation . These

were equipped with 1-mm resolution capacitance water level recorders (TruTrack,
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Inc., model WT-HR). We had continuous data available for seepage well (A01) and
well (EO4) that showed transient groundwater, and used these groundwater datasets for

our analysis (Figure 2.1). All the wells were installed until refusal (hand auger).

2.3.2 Regression tree approach

The selection of the appropriate historical input variablesin tree regressionis a
difficult task. Most studies that have predicted runoff through tree regression have
used both antecedent runoff and rainfall conditions as input variables over agiven
number of previous time steps (Sudheer et al., 2002; Solomatine and Xue, 2004).
lorgulescu and Beven (2004) adopted an aternative approach considering only
variables that were actual inputsto the system (e.g. cumulative precipitation and
evapotranspiration) at a given number of previous time steps.

We used cross-correlation to choose the appropriate maximum time step for
the input variable. The maximum time step is the “memory” window of the system:
the timescale over which the input to the system is still related to the system response.
We used historical rainfall expressed as mean rainfall intensity over different lengths
of time before subsurface flow observation (time lag) asthe input variable. Mean
rainfall intensity was cross-correlated to our output variables, subsurface flow and
matric potential at 30, 70 and 100 cm depth, over different time lags. The time lags
were calculated as follows. We incremented the time lags progressively with a
geometric progression:

T(@i)=10" 1.02% (1)
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where T isthetimelagand i refersto the time step (1 min). The original
precipitation dataset consisted of rainfall totals at a 10 minute time step. The sequence
of calculated time lagsT , with time lags < 10 minutes, was converted to atime lag
sequence with time intervalsof k>10, wherek =1, 2, ....n. We used the second
value (20 minutes) and then every other value from this final sequence and also
considered atime lag of O minutes in our tree regression analysis. The calculated value
of an input variable at a given time lag included the input at the current time step. The
cross correlation indicated a maximum time lag of 60 days. This method resulted in
155 different variables (mean rainfall intensity over 155 different time lags), which we

define as our predictor variables.

2.3.3 GUIDE regression tree algorithm

We used the GUIDE regression tree agorithm (Loh, 2002), to recursively split
the WS10 hillslope dataset. We used the GUIDE option to fit alinear model to the
observations in each tree partition. GUIDE is similar to the more common
classification and regression trees (CART) approach of Breiman et a. (1984) in the
sense that it also constructs a sequence of nested trees and then uses cross validation to
select the optimal tree size (Loh, 2006). We used three-cross-validation in our
anaysis. The optimal tree was the smallest tree within 0.5 times the smallest
prediction mean square error (PM SE) found in the cross-validation. GUIDE used the
least squares error criterion to choose the predictor variable in the linear regression. At

each split, GUIDE performed lack-of-fit tests of the residuals to choose a predictor
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variable to split the data (Loh, 2006). At each node, it used the signs of the residuals to
separate the observations into two classes and then used curvature and variable
interaction tests to choose the best split variable (Loh, 2002). GUIDE has the option to
define a predictor variable as afitting variable, a splitting variable or both. A splitting
variable is used only to split the data, and afitting variable is used only as a regressor
in the nodes.

We applied the GUIDE tree regression to each dataset by using 1/4 of the
dataset to validate the tree regression model. The rest of the dataset was used to train
the tree-regression model. The regression tree algorithm was applied to the rainfall-
subsurface flow record and the three rainfall-soil matric potential records from 30, 70
and 100 cm depth. The rainfall — subsurface flow record available for this study was
almost 455 days of 10 minute rainfall and subsurface flow measurements over two
main periods: April 2002-January 2003 and December 2004-July 2005. Gaps in the
subsurface flow record existed in the second period because of problems with the
water level recorder. The rainfall-matric potential record was 10 minute data collected
continuously from November 2004 to July 2005. The soil matric potential records at
30 and 70 cm depth were averaged for the tree regression analysis.

We used simple linear models in the partitions to model each rainfall-soil
matric potential record and the rainfall-subsurface flow record. The fitting variable
was mean rainfall intensity at 155 different time steps previous to each soil matric
potential measurement. We used the splitting variable “soil matric potential 6-hours

previous to each soil matric potential measurement” to approximate antecedent
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wetness conditions. We used the same method for the rainfall-subsurface flow record.
We used mean rainfall intensity at 155 different time steps before each subsurface
flow measurement as afitting variable. We used the splitting variable subsurface flow
6-hours before each subsurface flow measurement as an approximation for antecedent
wetness conditions. Splitting variables were constrained to 6 hour time lags. A
preliminary analysis of other time lags (3, 12, 24 hours) for subsurface flow and
matric potential showed that time lags of more than 6 hours resulted in splitsin the
tree regression that were difficult to interpret. With time lags of more than 6 hours
similar mean values in the left and right nodes of a partition occurred.

Figure 2.2 illustrates in a schematic way how the GUIDE tree regression
algorithm works. X is the splitting variable (in our case subsurface flow or matric
potential 6-hour before observation) that splits the dataset (Figure 2.2.8) into data
partitions based on the statistical rules used in the GUIDE agorithm (Figure 2.2.b).
Each final data partition is modeled with alinear regression model, with X, (in our
case mean rainfall intensity at different time lags ?t) as the independent variable. The
result is an easy to interpret regression tree (Figure 2.2.c), that splitsthe dataset into

partitions through simple rules. The end nodes represent the final partitions of the tree

(squares).

2.3.4 Wetting front analysis
The arrival time of the wetting front at each tensiometer was determined

following a method similar to the method used by Tymchak and Torres (2007). The
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first significant decrease in soil matric potential after the start of rainfall (t, ) was
defined as the arrival time (t,,) of the wetting front. Standard deviations of soil matric

potential during 3-hour intervals of no rainfall were calculated for soil matric
potentials < 4 kPa at 30 cm and soil matric potentials < 3 kPa at 70 and 100 cm depth.
A significant change in soil matric potential was defined as a decrease that exceeded
the 90% quartile standard deviation of the calculated standard deviations (0.06 kPa).
Average wetting front velocity was calculated as follows:

_ d
1) )

where, d [mm] is the tensiometer depth, and v,, [mm h] is the average wetting

velocity. Average wetting front velocities were analyzed for storm events that were
separated by at least 3 hours of no rainfall and with a wetting front response at depths
30, 70 and 100 cm. Thisresulted in atotal of 27 storm events. Mean rainfall intensities
were calculated during periods between start of rainfall and wetting front arrival time
for each tensiometer. Average wetting front velocities were linearly regressed to

corresponding mean rainfall intensities.

24 Results
2.4.1 Rainfall history and soil matric potential

We ran atree regression for each soil matric potential dataset at 30, 70 and 100
cm to determine the relation between rainfall history and soil matric potential at

different soil depths. Rainfall history was expressed as mean rainfall intensity (input
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variable) over 155 different previous time steps (fitting variable) in the tree regression.
The tree regression used matric potential with a6 hour time lag as the splitting
variable. The end nodes of the tree regression of matric potential at 30 cm depth
(Figure 2.3.) represented the final partition of the dataset. In each end node, soil matric
potential was fitted linearly to mean rainfall intensity at different time lags (fitting
variable) and was positively related to mean rainfall intensity in each end node. End
nodes with more negative soil matric potentials on average were correlated to mean
rainfall intensities with longer time lags (Table 2.1). Figure 2.4 shows the observed
and fitted matric potential time series at 30 cm depth. The tree regression model had
39 end nodes and the prediction appeared continuous with slight stepwise changes in
matric potential. The linear regression in each end node made the prediction appear
more continuous compared to a constant fit model. The tree regression model captured
both the magnitude and timing of the soil matric potential response (Figure 2.3). The
coefficient of determination (r?) of the regression tree and mean square error (M SE) of
the validated cases, were 0.94 and 0.95 respectively.

The regression trees for matric potential at 70 and 100 cm depth showed results
similar to those of the 30-cm tensiometer. The tree regression result for 70 and 100 cm
depth showed 40 and 23 end nodes respectively. The most important difference
between the regression tree for 30 cm depth and the regression trees at 70 and 100 cm
depth was that rainfall history in the end nodes of the two latter tree regressions was
characterized by longer time lags (Figure 2.5). Mean soil matric potential values at 70

and 100 cm depth were linear regressed to similar fitting variables with respect to the
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time lag of mean rainfall intensity (Figure 2.5). Ther? of the regression tree and M SE
of the validated cases were 0.94 and 5.96 x 10 for 70 cm depth, and 0.78 and 0.12 for
100 cm depth, respectively.

We extracted additional information from the tree regression analysis by
examining the relationship between mean soil matric potential (the average of
measured soil matric potential values in each end node) and average rainfall history
(the average of mean rainfall intensity values used in the linear regression in each end
node) of the regression tree. We ran a second tree regression for the depths 30, 70 and
100 cm for soil matric potentia valuesthat were = -1 kPa. Smallest time lags of
rainfall history for soil matric potential = -1 kPawere 2 hours for 30 and 100 cm
depths, and 20 minutes for 70 cm depth. These time lags indicate very fast response
times of matric potential to rainfall inputs. Mean soil matric potential was
exponentially related to average rainfall history in the end nodes of the regression tree
for the three different depths (Figure 2.5). While the average mean rainfall intensity
did not change much for soil matric potential values < -1kPaat all three depths, an
increase in matric potential from -1 to O kPawas related to a very fast increasein

average mean rainfall intensity.

2.4.2 Rainfall history and wetting front velocity
Initial conditions at depths 30, 70 and 100 cm measured by the 7 tensiometers,
before the 27 storm events ranged between 0.48 and 5.68 kPa. Despite this variation in

initial conditions, plotting these initial conditions against wetting front velocities
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suggested wetting front velocities were not controlled by initial conditions. Each
tensiometer nest showed progressive wetting front advancement with depth. This
indicates bypass flow with depth did not occur at our site. Wetting front velocities
ranged from 11.8- 163.7 mm h™* (at 30 cm depth), 15.7— 135.4 mm h* (at 70 cm
depth) and 22.6 — 153.7 mm h* (at 100 cm depth). During most storm events (19 out
of 27) wetting front velocities increased with depth, while the remainder of storm
events showed wetting front velocities decreasing with depth. The trend in wetting
front velocities with depth appeared to be related to mean rainfall intensity calculated
over the period between start of rainfall and wetting front arrival time for each depth
and tensiometer. During storm events that showed increasing wetting front velocities
with depth, 12 out of 19 of these storm events were characterized by increasing mean
rainfall intensities over three time periods (time periods between start of rainfall and
wetting front arrival time at 30, 70 and 100 cm depth respectively). Two out of these
19 storm events were characterized by constant rainfall intensities (changes were < 0.1
mm hr). Six out of 8 storm events that showed decreasing wetting front velocities
with depth were characterized by decreasing mean rainfall intensities. Furthermore,
mean rainfall intensity largely controlled wetting front velocities as shown by the

linear regression between these two variables (Figure 2.7).

2.4.3 Rainfall history and subsurface flow
Figure 2.8 illustrates the tree regression result for subsurface flow with mean

rainfall intensity as afitting variable and subsurface flow with a6 hour time lag as a
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splitting variable. The r? and M SE of the regression tree was 0.95 and 1.99 x 107,
respectively. Subsurface flow modeled with the regression tree captured both the
magnitude and timing of the observed subsurface flow very well (Figure 2.9). The
time lags of mean rainfall intensity ranged between 3.7 and 20.3 hoursfor al end
nodes except one. This end node with the lowest mean subsurface flow value was
correlated to mean rainfall intensities with atime lag of 11.7 days.

Three distinct hydrological behaviors were evident from this regression tree:
(1) low discharge values (Q = 0.0208 L s™) were correlated with rainfall history with a
time lag of 11.7 days, (2) intermediate discharge values (0.0208 < Q = 0.13 L s?) were
correlated with rainfall history with short time lags (between 3.7 and 6.3 hours), and
(3) high discharge values (Q > 0.13 L s%) correlated with rainfall history with short
time lags (between 6 and 20.3 hours). We plotted mean subsurface flow against the
average rainfall history value from each end node of the un-pruned regression tree to
further examine the relation between these two variables (Figure 2.10). Average
rainfall history for each end node was calculated as the average of the “mean rainfall
intensities’ that were used in the linear regression. Mean subsurface flow was the
average of measured subsurface flow values included in each end node. The slope of
the relation between mean subsurface flow and average mean rainfall intensity
decreased with an increase in mean lateral subsurface flow from behavior 1 to 3,
except for the highest mean subsurface flow value (Figure 2.10). Thisindicates that as
the system wetness increased (higher subsurface flow values were related to higher

antecedent wetness conditions (Figure 2.8)), the system became on average more
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responsive to rainfall up till the highest mean subsurface flow value that was related to

ahigh average mean rainfall intensity of 1.92 mm h™.

2.4.4 Testing the physical meaning of the subsurface flow tree regression

We used independent groundwater and soil matric potential data to test
whether the three different behaviors from the subsurface flow tree regression result
were consistent with internal hydrological hillslope dynamics. Subsurface flow was
plotted against soil matric potential at 30 cm and groundwater height from well A01
(seepage) and well EO4 (transient groundwater). The relation between subsurface flow
and -70 and 100 cm depth soil matric potential respectively, were very similar to the
relation between subsurface flow and 30 cm depth soil matric potential, so they are not
shown here. These relationships were partitioned with the splitting rules (of the three
different behaviors) of the subsurface flow regression tree (Figure 2.10). The range of
groundwater heights and soil matric potential values decreased with an increase in
subsurface flow values. Consequently, these ranges also decreased from subsurface
flow hydrological behavior 1 to subsurface flow hydrological behavior 3. Therules
that defined each hydrologica behavior partitioned the subsurface flow— groundwater
height and — soil matric potential relationships at points where the slope of these
relationships changed. While the partitions for the seep well A01, well EO4 and soil
matric potential at 30 cm depth showed overlap, these results indicate that the rules we
found in the subsurface flow regression tree were consistent with internal hillslope

hydrological dynamics.
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2.5 Discussion

While the rainfall runoff relationship is fundamental in hydrology, the link
between rainfall and subsurface flow is still poorly understood. Observational bottom-
up field studies of hillslope subsurface flow have shown amyriad of different runoff
mechanisms recently reviewed by Weller et al. (2005) and Beven (2006). While these
studies have improved our understanding of subsurface flow processes it has been
difficult to generalize hydrological behavior from individual field studies that focused
on a handful of storm events guided by a bottom-up approach. Generalization of
hillslope behavior at even well-studied sites based on measurable rainfall or
antecedent wetness conditions, has not been developed (Uchidaet al., 2005). This
study showed that putting measured subsurface flow in arainfall historical perspective
allows us to generalize hillslope behavior.

We used the GUIDE tree regression algorithm as a pathway to new learning
about subsurface flow processes by extracting information from the complete dataset.
We used historical rainfall expresses as mean rainfall intensity at different time lags as
an input variable that was only allowed to fit the data partitions of the tree. Subsurface
flow and matric potential 6 hour prior to observation were used to split the dataset of
subsurface flow and matric potential at 30, 70 and 100 cm depth respectively into
partitions and as approximations of antecedent wetness conditions. This approach
resulted in cleary interpretable tree regression results, and led to new insights in
subsurface flow processes at our site. We found an exponential relationship between

average matric potential and average rainfall history. This relationship had a threshold
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effect near -1 kPa; avery fast increase in average rainfall history was related to a small
decrease in matric potential from -1 to 0 kPa. In addition linear regression showed that
wetting front velocities were significantly related to rainfall history. Furthermore, we
were able to detect three different subsurface flow behaviors from the subsurface flow
tree regression result.

We have put subsurface flow and soil matric potential dynamicsin a historical
rainfall perspective through tree regression. We are aware that evapotranspiration and
intensity smoothing of rainfall patterns (i.e. throughfall) are important controls on
subsurface flow (e.g. Keim et al., 2006) and soil matric potential dynamics.
Accounting for evapotranspiration and throughfall patterns was outside the scope of
this study, smply because throughfall data was not available and our main objective
was to explore the rainfall subsurface flow relationship at our site. However, in the
following sections we interpret the physical meaning of our tree regression result in
the context of historical rainfall patterns in more detail. We consider briefly where
throughfall and evapotranspiration may have played arole in the observed subsurface
flow behaviors. Subsurface flow behavior 1 was characterized by low runoff values
and related to historical rainfall with atime lag of 11.7 days. The physical
interpretation of thistime lag in relation to the time lags observed in the other two
subsurface flow behaviors is difficult. Despite this, it indicates a disconnection
between rainfall and subsurface flow. Thisinterpretation is in agreement with alarge
range in groundwater levels and soil matric potential values during behavior 1. With

respect to evapotranspiration and throughfall we can say that both were likely



30
significant controls on subsurface flow and internal hillslope dynamics during
behavior 1. Subsurface flow behavior 3 was more sensitive to historical rainfall on
average (i.e. subsurface flow increased rapidly to rainfall inputs) than subsurface flow
behavior 2. We can explain this difference in response to historical rainfall by
unsaturated zone dynamics. The vertical propagation of the rainfall input in the
unsaturated zone was faster during subsurface flow behavior 3 than subsurface flow
behavior 2 and we will discuss this in more detail in the next sections. Both subsurface
flow behavior 2 and 3 are related to relatively high rainfall history values with short
time lags (hours). This implies that evapotranspiration was not a dominant control
during the time lag of rainfall history, since both subsurface flow behaviors were
controlled by wet conditions. However, throughfall may have played an important
role, and the combination of interception and canopy evaporation was likely besides
unsaturated zone dynamics an additional control on the difference between subsurface

flow behavior 2 and 3.

2.5.1 Three subsurface flow hydrological behaviors

This study clearly showed that subsurface flow is afunction of antecedent
wetness conditions (expressed as subsurface flow 6 hours before observation) and
rainfall history. Above athreshold subsurface flow of 0.13 L s*, small changesin
groundwater and soil matric potential caused substantial increases in subsurface flow.
The tree regression result of subsurface flow showed that the slope of subsurface flow-

average rainfall history for this subsurface flow domain was small compared to
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subsurface flow = 0.13 L s?, if we don not consider the highest mean subsurface flow
value. Furthermore, this subsurface flow domain was characterized by wet conditions,
93% of the time matric potential was = -1.5 kPa and 68% of the time matric potential
was = -1 kPa at 30 cm depth. To link these matric potential patterns to unsaturated
hydraulic conductivity at our site we modeled the unsaturated hydraulic conductivity
function with the Brooks-Corey model using the method of Campbell (1974) for

moisture release curves at 30, 70 and 100 cm depth:
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where z [cm] issoil depth, y [cm] ispore pressure, y . [cm] iSstheair entry pressure,

q [em’/cm?] is water content, g, [cm*/cm”] is the saturated water content and | [-] is

the pore size distribution. The unsaturated hydraulic conductivity function was

calculated with:
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where K (g, z) [mm h"] is the unsaturated hydraulic conductivity and K (z) [mm h™] is

the saturated hydraulic conductivity. Saturated hydraulic conductivity was estimated

by (McGuire et a., 2007):
K., =8.7X0°%exp(- z/0.56) (5)
whereK_, [mm h'] is saturated hydraulic conductivity and z [m] is soil depth. For

matric potential > -1 kPa, K /Y becomes significantly larger in the unsaturated

hydraulic conductivity soil matric potential function (Figure 2.11). This indicates that
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during the wet conditions characteristic for this subsurface flow domain the frequently
observed fast increase in subsurface flow at our site was caused by a sudden increase
in unsaturated hydraulic conductivity, while groundwater and soil matric potential
showed small changes. The highest mean subsurface flow value was related to a
relatively high average mean rainfall intensity, suggesting that besides wet conditions
a substantial increase in mean rainfall intensity was necessary. Furthermore, the
wetting front analysis showed that wetting front velocities increased linearly with
mean rainfall intensity. This flow domain was characterized by high average rainfall
history values. Consequently, this subsurface flow domain was characterized by fast
wetting front velocities.

Low subsurface flow values were correlated to a historical rainfall with atime
lag of 11.7 days and were characterized by a high range in matric potential values and
groundwater levels, while subsurface flow values showed a small range. This part of
the dataset was characterized by hillslope water deficits, and thus storage must be
filled first before rainfall patterns and subsurface flow are more strongly connected.
This disconnection between soilwater, groundwater and subsurface flow follows aso
from the larger time lags of historical rainfall found in the tree regression of soil
matric potential compared to the tree regression results of hillslope runoff.

The intermediate subsurface flow values were clearly a transition state between
dry conditions with high soil water deficits, and wet antecedent conditions where
groundwater and soil matric potential were in a semi-steady-state condition. This

transitional state was characterized by small soil water deficits. Nevertheless,
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unsaturated fluxes during this state were relatively small because soil matric potentials
were 73% of thetime < -1 kPa. Thus, while on average soil matric potential increased
substantially with small changes in mean rainfall intensity during the transitional state,
the unsaturated zone tended to have a delaying effect on rainfall rates during the
transitional state. In addition, wetting front velocities were likely smaller compared to
wetting front velocities during higher subsurface flow conditions, because subsurface
flow during the transitional state was related to lower historical rainfall valueson

average.

2.5.2 Conceptual model of subsurface flow based on tree regression

The three subsurface flow behaviors we extracted from the tree regression are
illustrated in a simplified decision tree in Figure 2.13. The influence of antecedent
wetness conditions expressed as subsurface flow 6 hour prior observation, on the
subsurface flow response is obvious from this decision tree. Others (e.g. Whipkey,
1965; Tani, 1997; Haga et a., 2005) have also demonstrated the influence of
antecedent wetness conditions on the subsurface flow response. The graphs below
each hydrological behavior, demonstrate (1) the relations between groundwater, matric
potential and subsurface flow, and (2) the sensitivity of subsurface flow to rainfall
history on average that was typical for each hydrological behavior. The sensitivity of
subsurface flow to average rainfall history was a function of (1) hillslope water
deficits we inferred from antecedent wetness conditions and the relation between

groundwater and matric potential and subsurface flow, and (2) the unsaturated



hydraulic conductivity function. For example under hydrological behavior 1,
subsurface flow does not respond to rainfall inputs, while groundwater and matric
potential show alarge range in values, suggesting hillslope storage isfilled during this
behavior.

The long time lag of rainfall history (11.7 days) of hydrological behavior 1
compared to the time lags of the other two hydrological behaviors, and the lack of
subsurface flow response to rainfall during hydrological behavior | indicates a
threshold effect. Other studies have reported a threshold effect in the rainfall-
subsurface flow relationship (e.g. Tani, 1997; Tromp-van Meerveld and McDonnell,
2006).

In our conceptual model of subsurface flow we also included the average
“matric potential” — “rainfall history” relationship we extracted from the matric
potential regression trees. Average matric potential increased linearly with an
exponential increase in average “rainfall history”. In addition, our conceptual model
shows that the lag time of rainfall history regressed in each end node of the tree
against matric potential decreased with a decrease in matric potential. Tani (1997)
found an exponential relationship between peak matric potential at 10 cm soil depth
and rainfall intensity averaged over a 3-hour period before the peak. These field
experimental findings were related to a theoretical analysis of Rubin and Steinhardt
(1963) based on the Darcy-Richard’ s equation. Their analysis showed that soil
moisture contents would approach a definite limit when the rainfall intensity was less

or equal the saturated hydraulic conductivity. Furthermore, Rubin et al. (1964) showed
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that soil moisture contents at increasing soil depths tended to approach a constant level
during steady state vertical infiltration in laboratory soil columns. They showed soil
moisture increases linearly with an exponential increase in rainfall intensities. While
the analysis of Rubin and Steinhardt (1963) and Rubin et al. (1964) were based on
constant rainfall intensities and our matric potential-mean rainfall intensity
relationship was based on an average relationship, it indicates that vertical flow at our
site follows the Darcy-Richard’ s equation. Across the three different hydrological
behaviors subsurface flow values were related to higher historical rainfall values on

average, suggesting that wetting front velocities were increasing from behavior 1 to 3.

2.6 Conclusions

Our examination of subsurface flow through the use of regression trees
uncovered three distinct behaviors: (1) a disconnection between rainfall and
subsurface flow, characterized by soil moisture deficits and filling of storage, (2) a
transitional phase, where the unsaturated zone damped the rainfall signal and (3) a wet
phase, where groundwater and matric potential were in a semi-steady-state condition,
and subsurface flow responded immediately to rainfall. Accounting for rainfall history
and antecedent wetness conditions enabled us to quantitatively separate subsurface
flow into different behavioral classes. We showed that on average the unsaturated
hydraulic conductivity function controlled the different response of subsurface flow to
rainfall history between behavior 2 and 3. Behavior 3, in contrast to behavior 2, was

characterized by conditions where K /Y becomes significantly larger in the
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unsaturated hydraulic conductivity soil matric potential function, which made
subsurface flow more responsive to historical rainfall, except for the highest mean
subsurface flow value that was related to relatively high average mean rainfall
intensity. Throughfall likely played an additional role besides unsaturated zone
dynamics in the different response to rainfall history between subsurface flow
behavior 1 and 2. Treeregression of matric potential showed that average matric
potential increased linearly with an exponential increase in average rainfall history, an
indication that vertical flow at our site follows Darcy-Richard’ s equation. In addition
we showed that wetting front velocities were largely controlled by mean rainfall
intensity between the start of rainfall and wetting front arrival time, and not by initial
conditions. This analysis demonstrated that tree regression of subsurface flow and
matric potentia patternsis a pathway to new learning about subsurface flow
processes. Tree regression results are easily interpretable in comparison to other
statistical techniques that are often difficult to interpret. Overall, our study showed that
putting subsurface flow patternsin a historical rainfall perspective across different

antecedent wetness conditions, allowed us to generalize hillslope behavior.
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Figure 2.1. Map of study area showing WS10 with the soilpits (Ranken, 1974). It aso
shows the hillslope drainage area, and the lower hillslope study area with
instrumentation.
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Figure 2.2. Example of tree regression result with GUIDE algorithm in a schematic
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regression result
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Table 2.1. Results for the end nodes in the regression tree of Figure 2.2.

Node No. of Cases Mean MSE  Node Fit variable (timelag (hr)
label cases fitted node node of mean rainfall
intensity)
8 601 410 -12.45 0.37 0.53 1364.17
36 588 322 -10.33 0.09 0.83 327.67
37 620 457 -8.53 0.18 0.52 815.17
19 554 386 -6.90 0.18 0.73 229.33
20 731 344 -5.50 0.03 0.98 173.83
21 672 299 -4.66 0.05 0.95 78.67
44 983 467 -4.12 0.02 0.49 450.00
90 404 298 -3.73 0.01 0.56 415.67
91 372 276 -3.62 0.01 0.74 35.50
46 836 485 -3.52 0.02 0.65 22.00
47 847 474 -3.26 0.02 0.64 11.17
48 833 374 -3.01 0.01 0.86 14.83
98 595 401 -2.76 0.01 0.52 34.17
99 526 326 -2.24 0.07 0.89 10.33
100 592 437 -2.10 0.09 0.78 10.67
101 502 432 -2.30 0.04 0.67 8.83
102 844 773 -2.26 0.01 0.34 9.83
206 819 743 -2.09 0.02 0.88 9.83
207 454 374 -2.13 0.03 0.58 25.83

52 1379 1055 -2.04 0.01 0.74 22.83

53 840 735 -1.82 0.03 0.80 21.17
108 1709 1339 -1.77 0.02 0.80 23.83
109 559 429 -1.69 0.03 0.67 13.67

55 1506 1256 -1.57 0.02 0.88 38.50
112 622 571 -1.48 0.03 0.82 8.00
113 557 460 -1.42 0.03 0.81 4.67

57 1745 1194 -1.43 0.03 0.58 26.83

58 1820 1434 -1.32 0.01 0.84 16.67
118 521 401 -1.13 0.02 0.82 20.33
119 964 826 -1.07 0.02 0.83 10.33
120 575 472 -0.92 0.06 0.45 7.67
242 887 600 -1.05 0.01 0.71 8.83
243 1115 929 -0.93 0.02 0.76 11.17
122 1274 1000 -0.86 0.01 0.77 11.17
123 1219 994 -0.68 0.02 0.77 9.83
124 2206 1817 -0.57 0.03 0.54 4.67
125 1204 1033 -0.40 0.04 0.47 4.33
126 606 561 -0.19 0.03 0.55 3.67
127 352 341 0.02 0.02 0.58 2.00
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Figure 2.4. Observed and modeled time series of matric potential at 30 cm depth
during the validation period.
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Figure 2.5. Time lags of matric potential for 30, 70 and 100 cm depth, extracted from

the tree regression.
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Figure 2.8. GUIDE piecewise smple linear least-squares model of subsurface flow (L
s1). Beneath each end node are the sample mean of subsurface flow and the sign and
name of the regressor (Pm=mean rainfall intensity, numbers after subsurface flow and
Pm are time lags in hours, Qhstime6 is subsurface flow 6 hours before the
observation).
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3.1 Introduction

Controls on dissolved organic matter (DOM) losses at the catchment scale are
poorly understood, and yet DOM fluxes may have important consequences for both
terrestrial and aguatic ecosystem function. DOM has the ability to form complexes
with metals, and thus plays an important role in metal toxicity and transport (L eenheer
et a,, 1998). Dissolved organic nitrogen (DON) can represent a significant loss of
nitrogen (N) (Sollins et al., 1980; Hedin et al., 1995; Perakis and Hedin, 2002,
Vanderbilt et al., 2003) in unpolluted forested ecosystems, and may be a critical factor
in maintaining N-limitation in these systems (Vitousek et a., 1998). In addition,
dissolved organic carbon (DOC) is an important energy source to bacteria and some
algae in streams (Kaplan and Newbold, 1993) and absorbs UV -radiation (Scully and
Lean, 1994; Morris et a., 1995) that can damage aguatic organisms.

Recent research has focused on the hydrological controls on stream
concentrations and quality of dissolved organic carbon (DOC) (McKnight et al., 2002,
McGlynn and McDonnell., 2003; Inamdar and Mitchell, 2006; Park et a., 2007),
dissolved organic nitrogen (DON) (Hill et al, 1999; Hagedorn et a., 2000, Buffam et
a., 2001; Berna et al., 2005), and nitrate (NOs-N) (McHale et a, 2002; Ocampo €t al.,
2006). While these studies have improved our understanding of flushing and draining
processes of nutrients at the catchment scale (as described by Hornberger et al., 1994;
Boyer, et a. 1997, Creed et al, 1996), quantifying spatial sources of these nutrients
during storm events and across seasons remain poorly understood. The main reason is

that it is difficult to separate different geomorphic units of the catchment. While
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hillslopes make up the largest part of catchments, research has been mostly focused on
the riparian zone (Cirmo and McDonnell, 1997), such that sources of nutrients from
the hillslope component are more poorly understood compared than those from
riparian zone.

One approach to increase our understanding of spatial sources of DOM and N at
the catchment scale, is to isolate discrete landscape units and to understand their
individual hydro-biogeochemical dynamics. While some studies have done this for the
riparian zone (e.g. Hill, 1993; McDowell et a., 1992; Vidon and Hill, 2004) few
studies have been able to isolate the hillslope hydro-biogeochemical response
(McGlynn and McDonnell, 2003). It is difficult to observe hydro-biogeochemical
expressions of hillslopesin the stream (Hooper, 2001), due to chemical
transformations in the riparian zone (Hedin et al., 1998) or infrequent episodic flow
into the riparian zone (McGlynn and McDonnell, 2003). An approach to quantify the
hillslope response directly, without any riparian zone modulation, is to trench
experimental hillslopes. A few trenched experimental hillslopes exist around the world
(Woods and Rowe, 1996 (Maimai, New Zealand); Tromp-van Meerveld and
McDonnell, 2006 (Panola, USA);Uchida et al., 2003 (Fudoji, Japan)) but these
experiments have typically monitored only a handful of stormsto work with (Tromp-
van Meerveld and McDonnell, 2003), and often lack detailed biogeochemical data.

While isolating the hillslope or riparian zone has led to new insights into spatial
sources of nutrients, questions remain about the hydrological controlson DOM and N

export from the hillslope component at seasonal and storm event scales. It is especially
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important to understand the role of hillsSlopesin DOM and N export across different
antecedent wetness conditions because several studies have suggested that seasonal
variation in stream DOC, DON and NOs-N is related to antecedent wetness conditions
(Triska et a., 1984; Vanderbilt et al., 2003; Bernal et a., 2005) and many studies have
reported significant increases in DON, DOC and NOs-N during individual storm
events (Creed et ., 1996; McHale et al., 2002; Boyer et a., 1997).

We report on work from a small well-studied hillslope trench within a
headwater catchment at the H. J. Andrews Experimental Forest (HJA), Oregon. The
catchment is well-suited for exploring questions of how hillslope hydrological
processes control stream DOC and N concentrations. This study site has a unique
feature: hillslopes that issue directly into the headwater stream without any riparian
zone modulation. Riparian zone water storage was effectively removed from the site
due to 1986 and 1996 debris flows that evacuated the valley bottom. This setup made
it possible to isolate lateral subsurface flow from the hillslope trench and compare the
hydro-biogeochemical response from this hillslope to the response of the whole array
of hillslopes that make up this watershed. Furthermore, we explored the use of
different indices of DOM quality (specific UV absorbance (SUVA) and DOC:DON)
to fingerprint terrestrial sources of DOM. Recent studies have demonstrated that
SUVA can be used as a surrogate for the aromatic carbon content and molecular
weight of DOC (Chin et a., 1997; McKnight et al., 1997; Weishaar et a., 2003; Hood
et a., 2005). The chemical character of DOM (DOC:DON, (SUVA)) has been used to

identify terrestrial sources of DOM at seasonal scales (Hood et al., 2003, 2005;
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McKnight et al., 1997, 2001) and during storms at the catchment (Hagedorn et al.,
2000; Hood et a., 2006; Katsuyama and Ohte, 2002) and plot scale (Kaiser and
Guggenberger, 2005).

Our study builds upon awealth of previous hydrological (Harr, 1977,
McGuire, 2004) and biogeochemical (Sollins et a., 1980; Sollins et al., 1981; Triska
et a., 1984) research at the site. The H. J. Andrews Experimental Forest is
characterized by dry summers, a gradual wet up between October and December
(transition period), and from December through late spring the watershed is
persistently wet. This steady and progressive shift from dry to very wet conditions
allowed us to explore the role of antecedent wetness and flow conditions on DOC and
nitrogen (N) patterns at seasonal and storm event scales. Monitoring and sampling of
lateral subsurface flow from the hillslope trench, and stream water at the catchment
outlet between August 2004 and June 2005 during and between storm events allowed
us to compare DOC and N concentrations and SUV A values between the transition
period and the wet period at the hillslope and catchment scale, and between these two
scales, during baseflow and stormflow conditions. In addition, sampling storm events
at the hillslope and catchments scale during the transition and wet period enabled us to
examine the role of antecedent wetness conditions on DOC and N concentrations and
compare export rates between these two scales.

We address the following gquestions to improve our understanding of the
hydrological controls on DOM and N fluxes from hillslopes in a small watershed: (1)

What is the variation in DIN, DON and DOC concentrations and DOM quality
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(SUVA and DOC:DON) among sources from the plot scale, lateral subsurface flow
and stream water on an annual scale? (2) What is the influence of flow conditions at
the seasonal scale (transition vs. wet period) on the variation of solutes and DOM
quality in lateral subsurface flow and stream water during baseflow and stormflow
conditions? (3) What is the role of timing (transition vs. wet period) and under what
flow conditions are the single gauged hillslope and catchment response similar with
respect to the solutes and DOM quality? (4) Do peak and flow averaged DOC and N
concentrations during storms at the catchment and hillslope scale increase with a
decrease in antecedent soil moisture and antecedent precipitation conditions? (5) Isthe
total carbon and nitrogen-export at the hillslope and catchment scale during storm

events the same?

3.2 Sitedescription

The study was conducted in Watershed 10 (WS10), a 10.2 ha headwater
catchment located in the H. J. Andrews Experimental Forest (HJA), in the western-
central Cascade Mountains of Oregon, USA (44.2° N, 122.25° W) (Figure 3.1).
Elevations range from 470 m at the watershed flume to a maximum watershed
elevation of 680 m. HJA has a Mediterranean climate, with dry summers and wet
winters characterized by long, low intensity storms. Average annual rainfall is 2220
mm and about 80% falls between October and April. Snow accumulation in WS10
seldom exceeds 30 cm, and seldom persists for more than 2 weeks (Sollins et al.,

1981). Atmospheric total bulk N deposition islow compared to other sitesin USA and
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averages 1.6 — 2 kg N ha yr* (Vanderbilt et al., 2003). The watershed was harvested
in 1975 and is now dominated by a naturally regenerated second growth Douglas-fir
(Pseudotsuga menziesii) stand. Seep areas along the stream have been observed (Harr,
1977; Triska, 1984), which are related to the local topography of bedrock and/ or
saprolite, or to the presence of vertical, andesitic dikes approximately 5 meters wide,
located within the south-facing hillslope (Swanson and James, 1975; Harr, 1977).

The hillslope study areais located on the south aspect of WS10, 91 m upstream
from the stream gauging station (Figure 3.1). The 125 m long stream-to-ridge slope
has an average gradient of 37°, ranging from 27° near the ridge to 48° adjacent to the
stream (McGuire, 2004). Elevation at the hillslope ranges from 480 to 565 m. The
bedrock is of volcanic origin, including andesitic and dacitic tuff and coarse breccia
(Swanson and James, 1975). The depth to unweathered bedrock ranges from 0.3 to 0.6
m at the stream-hillslope interface and increases gradually toward the ridge to
approximately 3 to 8 m. Soils are about 1 m deep, and formed either in residual parent
material or in colluvium originating from these deposits. The soils are highly andic
and vary across the landscape as either Typic Hapludands or as Andic Dystrudepts
(Yano et a., 2005) and are underlain by 1-8 m relatively low permeability subsoil
(saprolite), formed in the highly weathered coarse breccia (Ranken, 1974; Sollins,
1981). Sail textures range from gravelly, silty clay loam to very gravelly clay loam.
Surface soils are well aggregated, but lower depths (70-110 cm) exhibit more massive

blocky structure with less aggregation than surface soils (Harr, 1977).
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3.3 Methods
3.3.1 Infrastructure

A 10 m long trench was constructed to measure subsurface flow at a natural
seepage face (McGuire, 2004). Intercepted subsurface water was routed to a calibrated
30° V-notch welir that recorded stage at 10-minute time intervals using a 1-mm
resolution capacitance water-level recorder (TruTrack, Inc., model WT-HR). Rainfall
was measured with atipping bucket and storage gauge located in asmall canopy
opening on the hillslope. The drainage area of the hillslope was delineated
topographically from atotal station survey of the entire hillslope (0.17 ha, round to 0.2
hain all analyses) and verified by awater balance calculation (McGuire, 2004). As
part of the long term monitoring at the H.J. Andrews Experimental Forest, discharge at
the WS10 outlet was measured with a trapezoidal flume. During the summer a V-
notch weir was used to measure discharge at the WS10 outlet. Stage was measured
with aModel 2 Stevens Instruments Position Analog Transmitter (PAT) (0.001 ft
resolution).

Soil water content (q) was measured with water content reflectometers (WCR)
(CS615, Campbell Scientific, Inc.). The soil moisture probes were installed paralel to
the dope at 3 depths (30, 70, and 100 cm) in three soil pitsin the lower portion of the
hillslope. The nests were located 15, 20 and 25 m upslope from the slope base
(McGuire, 2004).

Weinstalled six plastic 10 x 10 cm zero tension lysimeters just below (0.5 cm)

the organic layer (Figure 3.1). Twenty seven superquartz (Prenart Equipment ApS)
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tension (0.5 bar) lysimeters were installed at shallow (20 cm), middle (30-40 cm), and
deep (70-110 cm) soil profile positions (Figure 3.1) at a 30° angle following the
method described by Lajthaet al. (1999).

We installed 69 maximum cork rise wells (3.18 cm diameter), that were
screened for the lower 25 cm, the maximum water height observed by Harr (1977). All
wells were installed until refusal by a hand auger. We sampled five wells located
outside the seepage area that showed transient saturation and one well (AO1) located in

the seepage area (Figure 3.1.).

3.3.2 Sampling and chemical analysis

Throughfall, lateral subsurface flow, WS10 stream water, soil water (zero
tension and tension), transient and seepage groundwater samples were collected
between August 2004 and June 2005 at three-week intervals, and prior to, during, and
after selected storm events. Throughfall was captured using the technique of Keim and
Skaugset (2004). Grab samples at three-week intervals and during storms were taken
at the right fork during the transition period, and at the left fork during the whole study
period. Prenart tension lysimeters were evacuated to -50 kPa and allowed to collect
water for 24 hours. These samples were not filtered because initial experiments with
filtered soil solutions demonstrated that tension lysimeter samples did not need to be
filtered (Lajtha et al., 2005). Other samples were filtered through combusted Whatman
GF/F glass fiber filters (nominal pore size = 0.7 um) and stored frozen until analysis.

The gauged hillslope and watershed outlet were sampled with |SCO samplers during
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five storms, at 1 to 4 hour intervals. Samples were analyzed for DOC, total dissolved
nitrogen (TDN), nitrate, ammonium and UV -absorbance at 254 nm (UV 2s4). DOC and
TDN was measured with Pt-catalyzed high-temperature combustion (Shimadzu TOC-
V CSH analyzer with TN unit). NOs-N was measured with the hydrazine sulfate
reduction method and NH,"-N was determined by the Berthelot reaction method with
aan Orion Scientific AC 100 continuous flow auto-analyzer (Westco Scientific
Instruments, Inc., Danbury, CT). DON was calculated as the difference between TDN
and DIN (nitrate and ammonium). Because DON was calculated by difference, values
sometimes fell slightly below 0 mg I'*. Negative DON values were considered to be 0
mg 1. UVs4 was measured with a Hitachi V-2001 spectrophotometer and SUVA is

UV 254 normalized by DOC concentration.

3.3.3 Dataanalysis

We divided the dataset into two periods: atransition period (transition from
dry to wet conditions) and awet period in order to investigate the influence of flow
conditions on DIN, DOC, DON concentrations and SUVA. The transition and wet
periods were defined by measurable hillslope discharge. The transition period was
defined as the period with hillslope baseflow (between storm events) discharge = 0.01
L s, and the wet period was defined as the period with hillslope baseflow discharge >
0.01 L s*. We subdivided the runoff record of these two periods into two different
catchment response modes; baseflow and stormflow conditions. Stormflow conditions

were defined as flow during and 12 hours after storm events. The remainder of the
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runoff dataset was defined as baseflow conditions. A storm event was defined as a
precipitation event of more than 10 mm and separated by at least 12 hour periods with
rainfall intensities smaller than 0.1 mm/h. We used the Wilcoxon ranksum to test for

significant differences ( p< 0.01) in DOC and N concentrations and SUVA for flow

conditions within and between the transition and wet period. Hillslope discharge
before 12-02-2004 was estimated from stream discharge with a second order
polynomial because the hillslope discharge gauge failed. Average 95% confidence
bounds of the second order polynomial on predicted values during this period were +
7.95 10 mm h. Because of these small confidence bounds uncertainty resulting from
calculations with estimated hillslope discharge was not quantified.

Pearson correlation coefficients (r) were calculated between antecedent
wetness conditions as antecedent soil moisture at 30 cm depth and antecedent
precipitation before a storm event and DOC, DON and DIN peak and flow weighted

concentrations. The correlation was considered significant when p<0.1. We used a

7-day, 14 day and 30 day average of soil moisture before a storm event as antecedent
soil moisture indices (AMI7, AMI 14 and AMl3p) and a 7-day, 14 day and 30 day total
precipitation before a storm event as antecedent precipitation indices (API7, APl14 and
APl30). We used soil moisture data from the lower soil pit (Figure 3.1.), since that data
was most reliable. All statistical and mathematical computations were made in

MATLAB.



66
3.4 Results
3.4.1 Variationin DOC and N

To investigate variation in DOC and N concentrations between sources from
the plot scale, lateral subsurface flow and stream water we compared average DOC,
DON and DIN concentrations, and average SUVA and DOC:DON values from
throughfall, below the organic horizon, in shallow, middlie, and deep soil profile
positions, transient and seepage groundwater, lateral subsurface flow and stream
water. Furthermore, through this analysis we are able to identify sources that
contributed to high DOC and N concentrationsin lateral subsurface flow and stream
water.

DOC and DON concentrations were low in throughfall, highest from just
below the organic layer and then progressively decreased with depth into the soil
profile (Table 3.1.). This suggests a net release of both DOC and DON from the
organic layer, and net remova of DON and DOC from solution below the organic
layer. DOC and DON concentrations in transient groundwater were higher than soil
water DOC and DON concentrations observed at the deep soil profile position. In
addition, DOC and DON concentrations in transient groundwater were higher than the
groundwater seep concentrations. DON and DOC concentrations of lateral subsurface
flow and stream water were most similar to soil water DON and DOC concentrations
at the middle soil profile depth.

SUVA values showed a maximum in the organic layer and transient

groundwater solution (Table 3.1.). SUVA vaues increased from throughfall to the
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organic horizon, and decreased from the organic layer to the deep soil layer (70-110
cm). SUVA valuesin stream water were most similar to SUVA values from deep soil
water. Lateral subsurface flow showed a much lower SUVA value than WS10 stream
water and was most similar to SUV A values from the groundwater seep.

DOC:DON did not show a clear trend with soil depth. Soil water from the
middle soil profile position had the greatest DOC:DON ratio, while organic horizon,
shallow and deep soil water had lower ratios. DOC:DON increased from deep soil
water to seepage and transient groundwater. Lateral subsurface flow showed the
greatest DOC:DON ratio, similar to the DOC:DON ratio of the groundwater seep.
Stream water showed the second highest DOC:DON ratio. The DOC:DON ratio of
throughfall was similar to the shallow soil water.

DIN was the dominant form of total dissolved nitrogen (TDN) in transient
groundwater, while DON was the dominant form of TDN in the other solutions. DON
as afraction of TDN ranged from 0.70 to 0.92 in all solutions, while the fraction was
0.35in transient groundwater. NOs-N concentrations decreased with depth from the
organic horizon to the deep soil profile position, but NH4-N concentrations did not
show a trend with depth. Low NOs-N and NH,4-N concentrations (= 0.01 mg 1) were
found in throughfall, seep groundwater, lateral subsurface flow and WS10 stream

water.



68
3.4.2 DON and N during transition and wet period

First, we compared DOC concentrations, DOC quality and N concentrations
between the transition and wet period during baseflow conditions in lateral subsurface
flow and stream water. NH4-N and NO3-N concentrations, DOC quality (expressed as
DOC:DON and SUVA) in lateral subsurface flow during baseflow conditions were not
different between the transition and wet period (Figure 3.2a). Stream water during
baseflow conditions followed the same pattern as lateral subsurface flow, except that
NH4-N was significantly higher during the wet period. DOC and DON concentrations
during baseflow conditions in stream water were significantly lower during the wet
period, while in lateral subsurface flow only DOC was significantly lower during the
wet period (p>0.01 for hillslope water DON).

Secondly, we compared DOC concentrations, DOC quality and N
concentration between lateral subsurface flow and stream water under baseflow
conditions, during the transition and wet period. During the wet period under non-
driven conditions, SUVA values of lateral subsurface flow were significantly lower
than SUV A values of stream water, while DOC, DON and DIN concentrations and
DOC:DON ratios of lateral subsurface flow and stream water were similar. During the
transition period and baseflow conditions, DOM quality (DOC:DON and SUVA)
between lateral subsurface flow and stream water was different; lateral subsurface
flow had higher DOC:DON ratios and lower SUVA values. In addition, non-driven
DON concentrations in lateral subsurface flow were lower than stream water during

this period.
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Thirdly, we compared DOC concentrations, DOC quality and N concentrations
between the transition and wet period during stormflow conditionsin lateral
subsurface flow and stream water. During stormflow conditions, stream water SUVA
values were not different between the transition and wet period, while DOC and DON
concentrations were lower, NH4-N concentrations were higher, and DOC:DON ratios
were higher during the wet period (Figure 3.2b). Lateral subsurface flow followed the
same pattern as stream water except for SUV A values that were significantly higher
during the wet period, and DOC:DON ratios that were not different between the
transition and wet period in lateral subsurface flow.

Finally, we compared DOC concentrations, DOC quality and N concentrations
between lateral subsurface flow and stream water under stormflow conditions, during
the transition and wet period. During the wet period and stormflow conditions SUVA
values and NH4-N concentrations were significantly different between lateral
subsurface flow and stream water. Stormflow DOC and DON concentrations and
SUVA values during the transition period were each lower in lateral subsurface flow

than stream water, while DOC:DON ratios were higher in lateral subsurface flow.

3.4.3 Antecedent wetness conditions and stormflow DOC and N

We used five sampled storms (Figure 3.2.) to examine the influence of
antecedent wetness conditions on peak and flow weighted DOC, DON and DIN in
stream water and lateral subsurface flow (Table 3.3.). Three antecedent soil moisture

indices were used: the 7-day, 14-day and 30-day antecedent soil moisture index
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(AMI7, AMI14 and AMI ), and three antecedent precipitation indices were used: the
7-day, 14-day and 30-day antecedent precipitation index (API7, API14 and APl3).

The storm characteristics of these events aswell as DOC, DON, DIN peak and
flow weighted concentrations are summarized in Table 3.2. APl;, APl14 and APl 3
were not significantly related to peak and flow weighted DOC, DON and DIN
concentrations. AMIz, AMI14 and AMIsowere similar (Table 3.3.), and thus we
calculated pearson correlations between AMI; and peak and flow weighted DOC,
DON and DIN in stream water and lateral subsurface flow. The concentration of all
solutes except DIN decreased with an increase in AMI7 a 30 cm depth. DOC, DON
peak and flow weighted concentrations in stream water were more weakly correlated
to AMI~ than these solutes in lateral subsurface flow. Both DIN peak and flow
weighted DIN in stream water and lateral subsurface flow were not significantly
related to AMI5. In addition DON peak in stream water was not significantly related to

AMI5.

3.4.4 Sormevent export rates of C and N at hillslope and catchment scale

The export rates of DOC, DON and DIN for al five storms were smaller at the
hillslope than watershed scale (Figure 3.4.a-c). DON was the dominant form of total
nitrogen export during all storms. The DON:TDN ratios during storms 4 and 5, both
storms during the wet period, were 0.84 and 0.87 at the watershed scale for storm 4

and 5 respectively, and 0.84 and 0.90 at the hilldlope scale for storm 4 and 5
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respectively. In contrast DON:TDN ratios for storms during the transition period were
> 0.94.

The highest DOC, DON and DIN export rates were observed during storm 4.
For the watershed and hillslope scale during storm 4, export rates of DOC were 4.4
and 3.0 kg/ha/storm respectively. Rates of DON export for the watershed and hillslope
scale were 0.11 and 0.08 kg/ha/storm respectively. Rates of DIN export for the

watershed and hillslope scale were 0.020 and 0.014 kg/ha/storm respectively.

3.5 Discussion

Quantifying spatial sources of soluble nutrients at the catchments scale is one
of the greatest challenges faced in hydro-biogeochemical research. Isolating the
hillslope component has been difficult in past studies because so few trenched
experimental hillslopes exist around the world in catchments where active
biogeochemical research is done. These trenched experimental hillslopes often lack
detailed hydro-biogeochemical data across a wide range of antecedent wetness
conditions. In addition, it is extremely difficult to quantify the representativeness of a
single experimental hillslope for the whole array of hillslopes that make up a
catchment. Single gauged hillslopes only sample part (tens of meters) of the hillslope
component and, more importantly, most catchments have a riparian zone that
transforms the biogeochemical signal of the hillslope component en route to the

stream channel.
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Our work exploits arather unique experimental design where a trenched
hillslope is compared to the stream response in a headwater cacthment without a
riparian zone. This natural experimental design allowed us to study the hydrological
controls on DOM and N export from the hillslope component at seasonal and storm
event scales unimpeded by riparian dynamics. Because of the installation of aten
meter wide trench to capture lateral subsurface flow, we were also able to compare the
hydro-biogeochemical signal from the single gauged hillslope to the overall hydro-
biogeochemical response of the whole array of hillslopes that make up the catchment,
by examining when the study hillslope acted in concert with the stream and when
hillslope dynamics were different from the stream response. This comparison alowed
us to examine when the single gauged hillslope hydro-biogeochemical signal is
representative of the whole array of hillslopes that make up the catchment. During the
wet period the hydro-biogeochemical signal from the gauged hillslope was not
significantly different from the catchment response, except for DOM quality expressed
as SUVA and NH4-N concentrations that were lower in lateral subsurface flow.
During the transition period the hydro-biogeochemical signal from the gauged
hillslope was significantly different from the catchment response. Furthermore,
organic horizon water and transient groundwater were high DOC, DON and DIN
contributors to lateral subsurface flow and stream water, emphasizing the need to
sample ‘below’ the root zone to accurately determine DOC, DON and DIN sources to
the stream. High DOC, DON and DIN concentrations in transient groundwater,

suggested a vertical preferential flow mechanism at our site. Antecedent wetness
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conditions controlled DOC and DON concentrations in lateral subsurface flow and
stream water during storm events; more prior flushing (expressed as AMI~) resulted in
lower DOC and DON peak and flow weighted concentrations during storms. In
addition, DOC and DON concentrations in lateral subsurface flow in stream water
during stormflow conditions were lower during the wet period compared to the
transition period. Both of these results suggest that the production of DOC and DON
in soils lagged behind the flushing of these nutrients. If DOC and DON production is
seasonally (and storm) limited, this has important consequences for the interpretation
of soil solution concentrations in end-member mixing analysis (EMMA) and annual
calculations of solute losses from limited soil solution data. Since EMMA requires
conservative behavior of tracers and time invariance of end-member compositions,
limitation of DOC and DON on a seasonal (and storm) scale violates the EMMA

assumptions.

3.5.1 What were the high DOC and N sources at the plot scale?

DOC and DON profiles with depth during the study period showed that the
organic horizon (including the upper mineral soil) was the largest DOC and DON
source. Thisresult issimilar to findings of Yano et a. (2004) in anearby sitein the H.
J. Andrews Experimental Forest, where the upper mineral soil (0-10 cm) appeared to
be the most significant source of DOM. In addition the organic horizon had the highest

DIN concentrations.
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Transient groundwater was high in DON, DOC and DIN concentrations, and
was the only water source where DON was not the dominant form of TDN. Average
values of DOC, DON and DOM quality (SUVA) in transient groundwater were
similar to observed values in organic horizon and shallow soil water, suggesting a
vertical preferential flow mechanism without much soil matrix interaction. Jardine et
al. (1989b) found that if preferential flow at the pedon scale was dominant, DOC was
non-reactive with the solid phase because it bypassed the soil matrix. DOM and DIN
concentrations and SUV A in deep soil water was lower than transient groundwater,
indicating that flow paths with significant soil matrix interaction undergo preferential
retention of aromatic DOM and loss of DIN. Many other studies (Hagedorn et dl.,
2000; Yano et al., 2004; Kaiser and Guggenberger, 2005; Jardine et al., 1989a) have

found preferential retention of aromatic DOM with depth.

3.5.2 Were DIN concentrations in transient groundwater biogeochemically
controlled?

It isnot likely that the high DIN concentrations in transient groundwater were
caused exclusively by a preferential flow mechanism. Transient groundwater DIN
concentrations were higher than organic horizon DIN concentrations, indicating net
production of nitrate and ammonium in transient groundwater. Sollins et al. (1981)
also found higher nitrate concentrations in suction lysimeters at 2 m depth than at 0.3
m depth at the same location in WS10. They hypothesized that this difference may
have been caused by a decrease in bio-available C compounds below the rooting zone

such that nitrifiers were able to compete for reduced N with heterotrophic bacteria. We
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observed high DOC and DON concentrations in transient groundwater ‘below’ the
rooting zone, suggesting that a significant C source was available below the rooting
zone, although the lability of this DOM is unknown. Transient groundwater was only
sampled frequently from one well (E04) during storm 5 within the study period. NOs-
N increased until 5/17/05 during the rising limb of the storm, while NH4-N decreased
until 5/17/05 (Figure 3.5.). Thisindicates that during this period of the storm
autotrophic and/or heterotrophic nitrification occurred. After 5/17/05, NOs-N began to
decrease during the remainder of the storm while at the same time NH4-N increased
until 5/20/05. The increase in NH4-N may have been caused by dissimilatory nitrate
reduction to ammonium (DNRA). DNRA is an anaerobic microbia pathway that
transforms NOs-N to NH4-N and has been documented in soils and sediments (Buresh
and Patrick, 1978; Tiedje, 1988; Silver et a., 2001). Conditions that favor DNRA are
available NOs-N, (labile) C and alow redox potential and could have occurred after
5/17/05 during the storm. Thus, the high NO3-N and NH4-N concentrationsin
transient groundwater we observed could be the result of the co-occurrence of
nitrification and DNRA. Another explanation we cannot rule out is that the pattern of
NOs-N and NH4-N in transient groundwater was simply caused by ammonification
and nitrification. Since groundwater was transient, and thus the soil at this depth was
likely not sufficient anoxic to favor DNRA, the observed NOs-N and NH4-N

concentration patterns were most likely caused by ammonification and nitrification.
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3.5.3 Patternsof DOC and N in lateral subsurface flow and stream water
3.5.3.1 Baseflow conditions

SUVA, DON:DOC and NOs-N concentrations in lateral subsurface flow and
stream water did not show a difference between the transition and wet period. Stability
in NOs-N concentrations represented its biological control. NH4-N in stream water did
show a seasonal pattern, with higher concentrations during the wet period. Lack of
DOM quality difference between the transition and wet period indicated that sources
of baseflow did not change significantly during the year in stream water and lateral
subsurface flow. However, DOC and DON concentrations in stream water and DOC
concentrations in lateral subsurface flow decreased from the transition to the wet
period. The high DOC and DON concentrations during the transition period were
probably the result of low antecedent wetness conditions with a build up of labile
organic materia in the upper soil layer due to incomplete decomposition and the lack
of flushing in combination with leaf fall during the autumn. Triska et al. (1984) and
Vanderbilt et a., (2003) found asimilar DON pattern in WS10 and in six small

watersheds at the HJA.

3.5.3.2 Sormflow conditions

NH4-N during the wet period was higher in lateral subsurface flow and stream
water compared to the transition period. NOs-N did not show any seasonal pattern at
the hillslope and watershed scale. These findings are similar to Vanderbilt et al. (2003)

who did not find a seasonal pattern in NOs-N concentrations at the HJA. The observed
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NH4-N seasonal pattern could have been caused by less biological and more
hydrological control of NH4-N flushing during stormflow conditions in the winter.
DOC and DON concentrations were highest during the transition period in lateral
subsurface flow and stream water. Lower DOC and DON concentrations during the
wet period compared to the transition period illustrated that the DOC and DON source
was depleted over time and DOC and DON export was supply limited over seasonal

scales.

3.5.4 Thesingle gauged hillslope and catchment hydro-biogeochemical response
during the wet period.

The single gauged hillslope response was not significantly different from the
catchment response (with respect to DOC, DON and NOs-N concentrations and
DOC:DON ratios) during the wet period, during both baseflow and stormflow
conditions. This result indicates that DOC and DON in stream and lateral subsurface
flow water during the wet period during both flow conditions were derived from the
same allochthonous source, and that in stream processes that may cause differencesin
DOC and DON patterns between lateral subsurface flow and stream water were not
significant during the wet period. However, SUVA in lateral subsurface flow was
significantly lower than SUV A in stream water during the wet period during both
baseflow and stormflow conditions. The difference in SUVA we observed in lateral
subsurface flow and stream water suggests that sources of DOM at the single gauged
hillslope and catchment scale were not similar during the wet period and illustrates the

value of using SUVA as afingerprinting tool. An explanation could be that the lower
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observed SUVA in lateral subsurface flow was caused by bio-available carbon
compounds with alow aromatic and nitrogen content that were rapidly processed in
the WS10 stream. However, this does not explain the observed low SUVA vauesin
stream water (range: 0.17-0.88) and lateral subsurface flow (range: 0.14-0.41) before
storm 1 during low flow conditions. During these conditions flow paths are
characterized by long residence times and thus processing of these bio-available
carbon compounds within the hillslope would occur. Another more likely explanation
is that the hydrological flowpaths of the single gauged hillslope are not representative
of the integrated flowpaths at the watershed scale. The observed high DOC and N
concentrations and high SUV A valuesin transient groundwater indicate vertical
preferential flow. Transient groundwater represents one source of lateral subsurface
flow and stream water. Another source of lateral subsurface flow and stream water is
seepage groundwater. Stream water during summer low flow conditionsis sustained
by different seepsin WSI10 (e.g. Triska et al. (1984) identified five different seepsin
WS10). These seepage areas are characterized by low SUV A vaues during summer
low flow conditions. During the transition period the contribution of transient
groundwater will increase and SUVA values in stream water and lateral subsurface
flow reflect the ratio between the two water sources. We argue that the ratio of seep
groundwater to transient groundwater from vertical preferential flow at the single
gauged hillslope was larger than the ratio at the catchment scale during the whole

study period.
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3.5.,5 Thesingle gauged hillslope and catchment hydro-biogeochemical response
during the transition period.

Lateral subsurface flow during the transition period was characterized by lower
DON concentrations and higher DOC:DON than stream water during baseflow
conditions, while DIN and DOC concentrations showed no difference. Algae were
observed in the bedrock channel of WS10, are characterized by low C:N ratios, and
higher stream DON concentrations may have been caused by by-products of in-stream
production. In addition, N»-fixing alder was present in the right fork of watershed 10,
which can influence stream N concentrations (Compton et al., 2003; Cairns and
Lajtha, 2005). During low flow conditions, when in-stream processes as by-products
of algae production (autochthonous input) and leaching of leaf litter (allochthonous
input) (Meyer et al., 1998) are likely more important than transport of DOM from the
terrestrial to the stream environment (Mulholland and Hill, 1997; Hagedorn et al.,
2000) these sources likely contributed significantly to elevated stream DON
concentrations. Lateral subsurface flow DON and DOC concentrations were |ower
than stream water concentrations during stormflow conditions within the transition
period. The lower observed concentrations in lateral subsurface flow may have
resulted from in-stream processes or different mixing of sources between the hillslope
and catchment scale. While there was a difference in mixing of sources between the
hillslope and catchment scale during the transition period inferred from SUVA
measurements, we argue that in-stream processes were the dominant control on higher
DOC and DON concentrations in stream water. Grab samples during stormflow

conditions from the hillslope trench, right fork and left fork during the transition
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period showed that average DOC and DON concentrations were higher at the right
fork (DOC: 9.7; DON: 0.28 mg I*, n= 4) and left fork (DOC: 7.3; DON: 0.17 mg I,
n= 4) compared to the hillslope trench (DOC: 5.0; DON: 0.11 mg I, n=4). This
indicates that sources more upstream in the catchment caused the higher DOC and
DON concentrations during stormflow conditions at the WS10 stream outlet compared
to lateral subsurface flow. Average SUVA values from the right and left fork were
3.54 and 2.13 respectively and average DOC:DON ratios were 37 and 44 respectively,
suggesting aterrestrial source of DOM. Grab samples (n= 58, during the wet period)
were taken from the |eft fork (DOC: 3.8 mg I"; DON: 0.10 mg I, n=58) during the
whole study period that were not different in DOC and DON concentrations compared
to lateral subsurface flow (DOC: 4.1 mg I'*; DON: 0.09 mg %, n=56) and stream
water (DOC: 3.9 mg I'*; DON: 0.10 mg I, n=56) at the catchment outlet during the
wet period. This lack of difference indicates that DOC and N concentrations were
controlled mainly by lateral subsurface flow and not in-stream processes during the
wet period with storms characterized by high runoff ratios (Table 3.2.), consistent with
the findings of Mulholland and Hill (1997). During the transition period storms were
characterized by small runoff coefficients (Table 3.2.) and alower discharge regime
(Figure 3.2.b). In addition, DOC and DON concentrations were higher at the left, right
fork and catchment outlet compared to lateral subsurface flow during the transition
period. We can not rule out that the difference in mixing at the hillslope scale
compared to the catchment scale inferred from SUV A measurements partly caused the

difference in DOC and DON concentrations between lateral subsurface flow and



81
stream water during the transition period. However, the hydrological observations as
runoff coefficients and discharge regime and spatial sampling within the catchment
indicated that in-stream processes were the dominant control during the transition

period.

3.5.6 What caused lower C and N export rates at the hillslope scale?

We used mean flow weighted DOC, DON and DIN concentrations and storm
flow totals to assess what caused lower C and N export rates at the hillslope scale
compared to the catchment scale. The difference in DOC export between the
catchment and hillslope was an effect of lower mean flow weighted concentrations
during storms 1-4 in lateral subsurface flow and lower storm totals at the hillslope
scale. The difference in DOC export for storm 5 was caused by a storm difference
since flow weighted mean DOC concentration were lower in stream water. The
difference in DON export between the watershed and hillslope was an effect of lower
mean flow weighted concentrations during all storms in hillslope water and lower
storm totals at the hillslope scale. As aready mentioned, higher DOC and DON
concentrations in stream water at the WS10 outlet likely resulted from in-stream
processes.

McGlynn and McDonnell (2003) found that hillslope DOC export accounted
for 22-36% of total catchment DOC export in aMaimal catchment, New Zealand. The
remaining 64-78% originated in riparian and channel zones. At our site we observed

that hillslope DOC export during five storm events accounted for a range of 56-82%
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of total WS10 catchment DOC export. In WS10 hillslopes issue water directly into the
stream without significant riparian zone modulation and this caused very likely higher
hillslope DOC export contributions to total catchment DOC export than reported by

McGlynn and McDonnell (2003).

3.5.7 Antecedent wetness conditions control C and N storm- event concentrations
High solute (DOC, DON) concentrations during storms after dry antecedent
wetness conditions have been reported by others (Grieve, 1991; Vanderbilt et al.,
2003; Cooper €t a., 2007; Inamdar et a, 2006). We did not find a significant
relationship between AMI; and DIN concentrations during storms. Thisislikely
caused by the high biological demand of nitrate and ammonium in this environment.
Storm DOC and DON peak and flow weighted concentrations at the hillslope and
catchment scale generally decreased during the sequence of storms (Table 3.2.), with
an increase in antecedent soil moisture. The AMI; at 30 cm soil depth can be
considered as an index of how much flushing in the soil profile occurred prior to a
storm event. AMI14 and AM I3, were not different from AMI;. Furthermore, AP+,
APl14 and APl3, were not significantly related to DOC and N peak and flow weighted
concentrations. This suggests that solute concentrations during storm events were not
controlled by rainfall events and thus flushing in the soil profile up to a month prior to
these events. Rather, our results indicate that DOC and DON in the soil profile were
exhausted rapidly during the transition period and stayed ‘ constant’ during the wet

period as aresult of long-term precipitation patterns reflected in the soil moisture
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pattern at 30 cm depth. Thus the observed pattern of storm DOC and DON peak and
flow weighted concentrations may have been caused by rapid exhaustion of DOC and
DON during the transition period as a response to flushing during storm events over

time.

3.6 Conclusions

DON was the dominant form of total dissolved nitrogen (TDN) in al sampled
solutions, except in transient groundwater, where DIN was the dominant form. The
organic horizon and upper mineral soil layer was an important DOC and N source
during the study period. The high observed DOC and N concentrations in transient
groundwater underscore the importance of measuring DOC and N concentrations at
different depths within the soil profile. In addition high DO C and N concentrations
and SUVA valuesin transient groundwater indicated the occurrence of vertical
preferential flow at our site.

We found that lateral subsurface flow and stream water did not differ in DOC,
DON and NOs-N concentrations during the wet period during baseflow and
stormflow. However, SUV A values during this period and as well during the transition
period were in lateral subsurface flow significantly lower than SUV A values of stream
water. We suggest that the ratio of seep groundwater that was characterized by low
SUVA values to transient groundwater that was characterized by high SUVA values,
originating from preferential flow was higher at the hillslope scale than the ratio at the

watershed scale.
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During the transition period we found higher DOC and DON concentrationsin
stream water compared to lateral subsurface flow, during stormflow conditions. Low
runoff ratios of lateral subsurface flow and stream water and alow discharge regime
during the transition period, indicate in-stream processes caused these differences.
This pattern was also reflected in the lower C and N export rates at the hillslope scale
compared to the catchment scale during the transition period that was partly explained
by lower DOC and N concentrations in lateral subsurface flow than stream water.

DOC and DON concentrations in stream water and lateral subsurface flow
were significantly lower during the wet period compared to the transition period
during stormflow conditions. Thus, DOC and DON were afinite source (production of
DOC and DON lagged behind flushing of these nutrients) at the seasonal time scale.
Furthermore, flow weighted and peak DOC and DON concentrations in lateral
subsurface flow and stream water during storm events were correlated to antecedent
soil moisture and supported the finite source at the seasonal scale (more prior flushing

resulted in lower storm peak and flow weighted DOC and DON concentrations).
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Table 3.1. Mean (£ SD) of DOC, DON, NH4-N, NOs-N concentrations and
DOC:DON and SUVA.

DOC DON NH,-N NO>N DOC:  SUVA,
DON
[mgl"]  [mgl™] [mg 1] [mg 1] [leg]c'
Throughfall 14(05)  007(0.04) ?698(?8) ?698(?8) B(21)  28(08)
Organichorizon  123(53)  0.45(0.60) ?6997720) ?6%753) 3520  53(L8)
ﬁ'/;"."'n'n%‘t’ver 9.1(155) 0.25(0.29) ?6(.)35?2) ?690239) 25200  45(6.4)
Middlelysmeter 43(24)  0.15(0.10) ?6902;2) ?6902&) @44  35(20)
Deeplysimeter  14(06)  0.10(0.07) ?693353) ?698157) 2123  18(09)
Seg“”d""ater 40(10)  0.07(0.02) ?6(.)0139) ?6901136) 63(27)  0.9(06)
e B N
subsurface flow T T (0.005) (0.005) T
Stream water 51(15)  0.14(0.07) ?698170) ?69835) 49(76)  16(07)

* high SD is caused by one lysimeter that was installed in an area with woody debris with high DOC concentations
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Figure 3.3. Box plots of DOC, DON, NH-N, NOs-N concentrations, DOC:DON and
SUVA during @) baseflow conditions and b) stormflow conditions, during different
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Table 3.2. Storm event characteristics and DOC, DON and DIN peak and flow
weighted average concentrations for lateral subsurface flow and stream water.

Storm 1 Storm 2 Storm 3 Storm 4 Storm 5

Start date 08-24-04 09-16-04 11-01-04 12-06-04 05-14-05
End date 08-29-04 09-20-04 11-04-04 12-12-04 05-24-05
Gross precipitation [mm] 71 44 42 200 100
10-min max. rainfall intensity [mm/h]  21.7 15.2 6.1 10.7 14.8
Rainfall duration [h] 39 74 49 132 195
Runoff ratio WS10 [%)] 6.3 9.7 20 74.5 36.7
Runoff ratio hillslope [%] 4.2 5.6 15.2 55.6 37
AMI; [m¥m?)] 0.200 0.260 0.279 0.275 0.276
AMI 4 [m’/m’] 0.200 0.257 0.280 0.276 0.276
AM Iz [m*/m’] 0.199 0.255 0.277 0.275 0.276
Stream water

DOC peak [mg 7] 9.4 7.5 6.7 5.1 4.7
DON peak [mg 1] 0.39 0.25 0.30 0.18 0.25
DIN peak [mg ] 0.030 0.022 0.015 0.053 0.039
flow weighted average DOC [mg | ] 7.6 5.9 5.3 3.6 3.6
flow weighted average DON [mg 1] 0.24 0.14 0.17 0.09 011
flow weighted average DIN [mg 1] 0.010 0.007 0.009 0.016 0.019
Lateral subsurface flow

DOC peak [mg 7] 8.0 6.5 5.8 4.2 5.0
DON peak [mg 1] 0.73 0.25 0.19 0.21 0.22
DIN peak [mg ] 0.033 0.027 0.017 0.036 0.063
flow weighted average DOC [mg | ] 6.5 5.0 4.6 3.2 3.7
flow weighted average DON [mg 1] 0.20 0.11 0.12 0.08 0.10

flow weighted average DIN [mg ] 0.008 0.007 0.008 0.016 0.011




Table 3.3. Pearson correlation coefficients [r] between DOC, DON and DIN flow
weighted average and peak concentrations of WS10 stream water and lateral

subsurface flow and AMI-.

AMI;

Pearson correlation coefficient [r]

DOC peak [mg ]

DON peak [mg 1]

DIN peak [mg |]

flow weighted average DOC [mg | ]
flow weighted average DON [mg 1]
flow weighted average DIN [mg | ]

WSI10 stream water Lateral subsurface flow
-0.94%* -0.97%**
-0.79 -0.93**
0.25 0.26
-0.93** -0.94%*
-0.86* -0.91**
0.55 0.53

*  p<01
** <005
*** pn<0.01
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4.1 Introduction

The hydrological controls on nutrient flushing at the catchment scale are
poorly understood (Weiler and McDonnell, 2006). During storm events and snowmelt
periods, many studies have reported a significant increase in dissolved organic
nitrogen (DON), dissolved organic carbon (DOC) and nitrate (NOs-N), and attributed
this increase to a nutrient flushing mechanism (Creed et al., 1996; Boyer et a., 1997,
McHale et a., 2002; Vanderbilt et a., 2003; McGlynn and McDonnell, 2003).
Flushing of nutrients has been explained qualitatively by (1) arising water table that
intersects high nutrient concentrations in the upper soil layer, (2) vertical transport of
nutrients, by preferential or matrix flow through the (deeper less bio-active) soil to the
soil-bedrock interface and then laterally downslope (Hill et a., 1999; Buttle et al.,
2001; Creed et d., 1996), and (3) vertical transport of nutrients and then laterally
within the soil profile (e.g. Gaskin et al., 1989). In each of these conceptual models an
infinite source of nutrients during storms is assumed, no hydro-biogeochemical studies
to date have tested this explicitly.

M echanistic understanding of flushing of nutrientsis essential for model
development for prediction of land use change and climate change effects on surface
water quality. Understanding the flushing mechanism during storm eventsis
important, since stormflow contributes substantially to total DOC and nitrogen (N)
export (Hinton et al., 1997; Bernal et al., 2005). Despite the many studies on nutrient
flushing, the exact flushing mechanism at most study sites remains qualitative and

mechanistically weak. For instance, whilst McGlynn and McDonnell (2003) found
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that the relative timing of riparian and hillslope source contributions to stream water
explained stream DOC patterns, they could not determine what flushing mechanism at
the hillslope occurred (i.e. if iswas flushing mechanism 1, 2, or 3).While patterns of
DOC in shallow pore waters and in stream water provide evidence that the shallow
soil isaprimary source of high DOC concentrations to the stream (e.g. Boyer et al.,
1997), we frequently don’t know how these sources are hydrologically connected to
the stream. Bishop et al. (2004) illustrated the importance of assessing hydrological
connectedness. They were able to identify the small riparian area as the only
contributor to elevated stream DOC concentrations in a Swedish catchment during
storm events, through a combination of hydrometric data and soil water DOC
concentrations.

So, how might we mechanistically asses flushing of nutrients? We know there
are three possible flushing mechanisms with or without an infinite source of nutrients
during storms that we can test as hypotheses in line with recommendations of Hooper
(2001). Assessing sources of stream water is an initial step to reject one or more of
these hypotheses. Bonell (1998) recommended that conclusions regarding the sources
of stream water drawn from runoff hydrochemistry data at the hillslope and catchment
scale should be supported by independent hydrometric data. End member mixing
analysis (EMMA) can be used as a hydro-chemical technique to resolve possible
sources of channel stormflow. Numerous studies (Hagedorn et al., 2000; Mulholland
et a., 1997; Inamdar and Mitchell, 2006; McHale et al., 2002; Bernal et a., 2006)

have used this technique to investigate sources of and even biogeochemical controls
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on DOC and N. Only asmall number of studies have used EMMA in conjunction with
hydrometric data and conservative isotopic tracers (e.g. McGlynn et a., 1999; McHale
et a., 2002) to identify sources and flowpaths of stream water. In addition to EMMA
and hydrometric techniques, the chemical character of dissolved organic matter
(DOM) (DOC:DON, specific UV absorbance (SUVA), fluorescence spectroscopy)
can provide information to help elucidate sources of DOM at seasonal scales (Hood et
a., 2003; McKnight et al., 1997; Hood et a., 2005) and during storms at the
catchment scale (Hagedorn et al., 2000; Hood et al., 2006; Katsuyama and Ohte,
2002).

Measurements of matric potential at different depthsin the soil may also
provide critical information to to reject one or more of the flushing mechanism
hypotheses. In catchments with steep hillslopes, flushing mechanism 3, vertical
transport of nutrients and then laterally within the soil profile may occur. Vertical and
lateral flow vectors have been studied through detailed field experiments (Harr, 1977,
Torres et al., 1998; Retter et al., 2006) and modeling studies (McCord et al., 1991,
Jackson, 1992) with often contradicting results about the relative importance of lateral
flow within the soil profile of hillslopes.

While severa studies have identified the forest floor and upper soil layer as an
important source of elevated DOC and N concentrations in stream water during storm
events, whether this source is finite or infinite remains poorly understood. The few
studies that have focused on DOC concentrations in the upper soil profile during storm

events concluded that DOC was an infinite source (McGlynn and McDonnell, 2003;
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Jardine et a., 1990). A synthesis of 42 studies that have focused on DOC and DON
concentrations in the upper soil layer at coarser time scales in temperate forests
(Michalzik et al., 2001) concluded that there was no dilution effect of precipitation for
both DOC and DON concentrations, indicating an unlimited supply of DOM from the
organic layer. In contrast Boyer et a. (1997) observed that DOC concentrations in
shallow lysimeters decreased rapidly during the snowmelt season in an alpine
catchment. This suggests that at their site DOC was afinite source at the time scale of
about four months. Thus detailed temporal measurements of nutrient concentrations in
the organic horizon and shallow soil layer during storm events are essentia to quantify
whether DOC and N are afinite or infinite source during flushing of these solutes.

This study examines two storm events using a combination of continuous

fluorescence measurements at the hillslope and catchment scale, hydrometric data and
chemical measurements of soil, groundwater, lateral subsurface flow and stream water
to test the three flushing mechanism hypotheses. We address the following questions:
(1) What isthe DOC and N flushing pattern at the hillslope and catchment scale? (2)
What sources of lateral subsurface flow and stream water can we identify with end
member mixing analysis? (3) Can hydrometric data be used to validate the end
member mixing analysis? (4) What is the lag time between start of rainfall and latera
subsurface flow, stream flow and internal hillslope hydrometric data and how do water
and nutrient flow directions in the unsaturated zone shift through an event? (5) What
pattern of DOC and N concentrations in the organic horizon, soil and groundwater do

we observe?
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4.2 Sitedescription

This study was conducted in Watershed 10 (WS10), a 10.2 ha headwater
catchment located on the western boundary of the H. J. Andrews Experimental Forest
(HJA), in the western-central Cascade Mountains of Oregon, USA (44.2° N, 122.25°
W) (Figure 4.1). HJA has a Mediterranean climate, with wet mild winters and dry
summers. Average annual rainfall is 2220 mm of which about 80% falls between
October and April during storms characterized by long duration and low rainfall
intensity. Light snow accumulations in WS10 are common but seldom exceed 30 cm,
and generally melt within 2 weeks (Sollins et a., 1981). Elevations range from 470 m
at the watershed flume to a maximum watershed elevation of 680 m at the
southeastern ridge line. The watershed was harvested during May-June 1975 and is
now dominated by a naturally regenerated second growth Douglas-fir (Pseudotsuga
menziesii) stand. Several seep areas along the stream have been identified (Harr, 1977;
Triska, 1984). These seep areas are related to the local topography of bedrock and/ or
saprolite, or to the presence of vertical, andesitic dikes approximately 5 meters wide,
which are located within the southern aspect hillslope (Swanson and James, 1975;
Harr, 1977).

The hillslope study areais located on the south aspect of WS10, 91 m upstream
from the stream gauging station (Figure 4.1). The 125 m long stream-to-ridge slope
has an average gradient of 37°, ranging from 27° near the ridge to 48° adjacent to the
stream (McGuire, 2004). Elevation of the study hillslope ranged from 480 to 565 m.

The bedrock is of volcanic origin, including andesitic and dacitic tuff and coarse
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breccia (Swanson and James, 1975). The depth to unweathered bedrock ranges from
0.3to 0.6 m at the stream-hillslope interface and increases gradually toward the ridge
to approximately 3 to 8 m. Soils are about 1 m deep, and formed either in residual
parent material or in colluvium originating from these deposits. Surface soils are well
aggregated, but lower depths (70-110 cm) exhibit more massive blocky structure with
less aggregation than surface soils (Harr, 1977). Soil textures change little with depth.
Surface soils are gravelly loams, lower soil layers are gravelly silty clay loams or clay
loams and subsoils are characterized by gravelly loams or clay loams (Harr, 1977).
The soils are highly andic and vary across the landscape as either Typic Hapludands or
as Andic Dystrudepts (Y ano et a., 2005), and are underlain by 1-8 m relatively low
permeability subsoil (saprolite), which formed in the highly weathered coarse breccia
(Ranken, 1974, Sollins, 1981).

Benchmark hydrological studies (Harr, 1977; Ranken 1974) were conducted at
this site during the 1970s and the site was re-established by McGuire (2004) in 2002.
As part of these 1970’ s studies, a total of 450 soil cores from eleven soil pits were
collected at depths of 10, 30, 70, and 110 cm in the soil and 130, 150 and 250 cmin
subsoil. These soil cores were analyzed for hydraulic conductivity, porosity, pore-size
distribution, bulk density, soil moisture — tension relationships and stone-content

(Ranken 1974; Harr, 1977).
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4.3 Methods
4.3.1 Instrumentation

To measure lateral subsurface flow at a natural seepage face a10 m long
trench was constructed (McGuire et al., 2007). Intercepted subsurface water was
routed to a calibrated 30° V-notch welr that recorded stage at 10-minute time intervals
using a 1-mm resol ution capacitance water-level recorder (TruTrack, Inc., model WT-
HR). Rainfall was measured with atipping bucket and storage gauge located in a
small canopy opening on the hillslope. The drainage area of the hillslope was
delineated topographically from atotal station survey of the entire hillslope (0.17 ha)
and verified by awater balance calculation (McGuire et a., 2007). We used a
rounded value of 0.2 hain all analyses. As part of the long term monitoring at the H.J.
Andrews Experimental Forest, watershed discharge of WS10 is measured with a
trapezoidal flume since 1973. Since 1997 a V-notch welr is used during the summer.
Stage was measured with aModel 2 Stevens Instruments Position Analog Transmitter
(PAT) (0.001 ft resolution).

We instrumented the gauged hillslope with four nests of porous cup suction
lysimeters (Soil Moisture Equipment Corp., Model 1900, 2 bar) at 30, 70 and 110 cm
depths, except for site AL, where the deepest lysimeter was installed at 80 cm depth
(depth of bedrock) (Figure 4.1). These suction lysimeters were installed in addition to
four nests that were aready installed (McGuire, 2004). Six plastic 10 x 10 cm zero
tension lysimeters, were installed below the organic layer, three were installed at 20

cm depth, and two with asize of 15 x 15 cm were installed at 40 cm depth (Figure
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4.1). Twenty seven prenart superquartz tension lysimeters (Prenart Equipment ApS,
0.5 bar) wereinstalled at 20 cm, 30-40 cm, and 70-110 cm at a 30° angle according to
the method described by Lajtha et al. (1999).

Transient saturation was measured with 69 maximum cork rise wells (1.25
inch diameter), and were screened for the lower 25 cm, the maximum water height
observed by Harr (1977). We equipped atotal of four wells including one well in the
seepage area (A01) that showed consistent transient saturation with 1-mm resolution
capacitance water level recorders (TruTrack, Inc., model WT-HR). We sampled five
groundwater wells (Figure 4.1) at three-weekly intervals, and we sampled wells that
showed persistent saturation during storms prior to, during, and after these events. All
the wells were installed until refusal by a hand auger.

Soil water content (g) was measured with water content reflectometers (WCR)
(CS615, Campbell Scientific, Inc.). The soil moisture probes were installed
horizontdly (i.e., with the dope) at 3 depths (30, 70, and 100 cm) in three soil pitsin
lower portion of the hillslope. The nests were located 15, 20 and 25 m from the slope
base (McGuire, 2004).

Soil matric potential was measured by 7 fast responding tensiometers (type:
UMS T4, 1 bar porous cups), that were installed vertically in atriangle pattern, three
tensiometers at 30 depth, three tensiometers at 70 cm depth, and one tensiometer at
100 cm depth. The tensiometer triangle was located 25 meter upslope from the base of
the hillslope. We installed the tensiometers close to each other in atriangle to calculate

unsaturated flow directions without bias of an elevation gradient. This enabled us to
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investigate the possible occurrence of an unsaturated lateral flow component during

storms. Saturation was defined as pore pressure = 0.25 kPa.

4.3.2 Flowdirection analysis

A plane was fitted through the total head values for each timestep at
tensiometer locations at 30 cm depth and 70 cm depth respectively. The direction of
the lateral gradient was defined as the gradient parallél to the soil surface (46°) at the
tensiometer triangle. The normal vectors to these planes defined the size of the lateral
gradient at each depth. The direction of the vertical gradient was defined as normal to
the soil surface. The vertical gradient between planes at 30 and 70 cm depth was
calculated as the average of the gradients at the three tensiometer locations. The
vertical gradient at 70 cm depth was calculated at the tensiometer |ocation with three
tensiometers at depths 30, 70 and 100 cm. The resultant flow direction from the lateral
and vertical flow gradient was expressed as the deviation from the true vertical flow

direction (Figure 4.2).

4.3.3 Sampling

Throughfall, lateral subsurface flow, seepage and transient groundwater, WS10
stream water and soil water (zero tension and tension) samples were collected between
August 2004 and June 2005 at three-weekly intervals, and prior to, during, and after
five storm events. Throughfall was captured using the technique of Keim and Skaugset

(2004). Tension lysimeters were evacuated to -50 kPa and allowed to collect water for
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24 hours. We used samples from porous cup tension lysimeters for the analysis of
sulfate (SO4%) and chloride (CI"), and samples from super quartz tension lysimeter for
the analysis of DOC, TDN, NOs-N, ammonium (NH4-N) and UV -absorbance. All
water samples except porous cup lysimeter samples were analyzed for DOC, TDN,
NOs-N, NH4-N and UV-absorbance. A subset of all water samples was analyzed for
S0O,% and CI". The gauged hillslope and watershed outlet were both sampled with
| SCO samplers between 1 and 4 hour intervals during several storms. Fluorescence in
the field at the gauged hillslope and watershed outlet were measured continuously at a
5 sec. interval using afield fluorometer (10-AU, Turner Designs, Inc., Sunnyvale, CA)

during the December 2004 and May 2005 storm events.

4.3.4 Chemical analysis

DOC and TDN were measured with Pt-catalyzed high-temperature combustion
(Shimadzu TOC-V CSH analyzer with TN unit). Nitrate-N was measured with the
hydrazine sulfate reduction method and NH,"-N was determined by the Berthelot
reaction method with a an Orion Scientific AC 100 continuous flow auto-analyzer
(Westco Scientific Instruments, Inc., Danbury, CT). DON was calculated as the
difference between TDN and DIN (NOs-N and NH4-N). Because DON was calculated
by difference, values sometimes fell slightly below 0 mg“ . Negative DON values
were considered to be 0 mg L™ SO,* and CI” were measured using a Dionex Model
DX 500 lon Chromatograph. UV absorbance (UVa) was measured at 254 nm with a

Hitachi VV-2001 spectrophotometer.
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4.3.5 End member mixing analysis (EMMA)

We performed EMMA (Christophersen and Hooper, 1992; Burns et al., 2001;
McHale et al, 2002; James and Roulet, 2006, Inamdar and Mitchell, 2006) to identify
end-members of stream and lateral subsurface water at the annual scale and during two
storm events. The following solutes were used in EMMA: DOC, UVa, Cl" and SO,*.
EMMA relies on the assumption that mixing of end-membersis alinear process, and
thus solutes used in EMMA should behave conservatively and end-members should
have time invariant compositions. We recognize that DOC and UVa may behave non-
conservatively. However severa studies have used DOC to identify expression of the
O-horizon or shallow soil water in stream water (Brown et a., 1999; Inamdar and
Mitchell, 2006; James and Roulet, 2006). In addition, CI" and SO,* are considered
guasi-conservative; Cl can sorb onto soils and be stored in plants by plant-uptake and
SO,* can undergo significant biological transformations (Swank et a., 1984). While
Cl” may behave quas conservatively, the average Cl” concentration of precipitation
was 1.29 mg I™* during the period 1990-2003 (PRIMET station, HJA), which isin the
high range of ClI" wet deposition in USA (NADP), and probably behaved relatively
more conservatively in comparison to sites with lower CI” wet deposition values (<0.1
mg I'%). Because the solutes used in EMMA may behave non- to quasi-conservatively,
we used EMMA as an investigative tool to identify possible end-membersfor latera

subsurface flow and stream water.
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4.4 Results
4.4.1 DOC and N flushing pattern at the hillslope and catchment scale

DOC concentrations in lateral subsurface flow during the December 2004
storm event showed a dilution pattern, with a maximum concentration of 4.18 mg I
(Figure 4.3.a8). DON showed maximum concentrations on the rising limb of the storm
with a 1.8 times increase during the rising limb of the hydrograph. DIN concentrations
during the storm did increase with maximum concentrations around the hydrograph
peak. SUVA and raw fluorescence increased 2.4 and 1.8 times respectively on the
rising limb during the storm event. DOC, SUV A, raw fluorescence and DON all
showed a clockwise hysteresis pattern; higher DOC and DON concentrations and
SUVA, and raw fluorescence values on the rising limb compared to the falling limb of
the hydrograph. The flushing pattern of DON was not clear because of high variability
of DON concentrations.

DOC concentrations in stream water increased 1.2 times and DON
concentrations increased 1.7 on the rising limb of the December storm event (Figure
4.3.a). Highest DIN concentrations were found during the last hydrograph peak of the
storm. SUVA and raw fluorescence increased both 1.5 times, during the rising limb of
the storm. DOC, SUVA, raw fluorescence and DON all showed a clockwise hysteresis
pattern. For lateral subsurface flow, the flushing pattern of DON was not clear because
of high variability of DON concentrations

During the May storm both lateral subsurface flow and stream water showed a

DOC, SUVA, raw fluorescence and DON clockwise hysteresis pattern (Figure 4.3.b).
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Stream DOC and subsurface flow DOC increased 1.5 and 1.2 times respectively. DON
in stream and subsurface flow water did not show a clear flushing pattern because of
high variability in DON concentrations during the storm. DON concentrations on the
rising limb of the storm hydrograph increased by 11.7 and 25.8 times respectively.
DIN concentrations in stream water were highly variable and increased from 0.021 mg
It t0 0.039 mg I™* on therising limb of the storm. DIN concentrationsiin lateral
subsurface flow, were also highly variable and showed (after the first high DIN
(0.0628 mg I™') sample) an increase from 0.0076 mg I to 0.0198 mg I™* on therising
limb. SUVA and raw fluorescence values in stream water increased 2.3 and 2.4 times
respectively, on the rising limb of the storm. SUVA and raw fluorescence in lateral
subsurface flow increased on the rising limb of the storm 4.4 and 2.8 times

respectively.

4.4.2 Runoff sources of lateral subsurface flow and stream water

We used end member mixing analysis (EMMA) to evaluate the contribution of
runoff components to lateral subsurface flow and stream water during the December
2004 and May 2005 storm. The principal component analysis we used for EMMA
indicated that between 78 and 95% of the variability in lateral subsurface flow and
stream water during the December and May storm could be explained by two
prinicipal components. This indicates that variation in the lateral subsurface flow and
stream water could be accounted for by three end-members. End members were

selected based on the following criteria: for all storm events lateral subsurface flow



112
and stream samples could be explained by more than one combination of three end
members; we choose end members combinations that were as similar as possible for
stream water and lateral subsurface flow during individua storm events and bounded
the solute space most compl ete.

Lateral subsurface flow water during the December storm event was bounded
by the three end-members. baseflow, throughfall and organic horizon water (Figure
4.4.b). The proportion of organic horizon water was higher on the rising limb of the
hydrograph compared to the falling limb of the hydrograph, while on the falling limb
of the hydrograph the proportion of throughfall water increased (Figure 4.5). Stream
water during the December storm event was bounded by three end-members:
baseflow, throughfall and organic horizon water (Figure 4.4.a). During the storm the
maximum proportion of througfall was 49% during the falling limb of the hydrograph,
while the maximum proportion of organic horizon water was 36% during the rising
limb of the hydrograph.

Lateral subsurface flow during the May storm was bounded by baseflow,
throughfall and transient groundwater end members (Figure 4.4.d). Deep soil water
projected close to the end-member throughfall in the lateral subsurface flow U-mixing
space. Maximum contribution (54%) to runoff by transient groundwater was found on
the rising limb of the hydrograph. Throughfall contribution to runoff increased during
the storm with highest values (46%) at the hydrograph peak. Stream water during the
May storm was bounded by the end-members throughfall, shallow soil water and

transient groundwater (Figure 4.4.c). Asin the lateral subsurface flow mixing U-space,
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deep soil water and throughfall projected close to each other in the stream water
mixing U-space. The end-member organic horizon was projected in the same positive
U-mixing space as shallow soil water, however organic horizon did not bound the
solutes as compl etely as shallow soil water. Shallow and throughfall water
contributions to runoff varied the most during the storm (compared to transient
groundwater contributions), with higher contributions of shallow soil water than
throughfall during the rising limb and a reversed pattern during the falling limb of the

hydrograph (Figure 4.5.).

4.4.3 Hydrometric data to validate EMMA

To evaluate the EMMA derived contributions of end members for stream and
lateral subsurface flow water we compared these contributions to hydrometric
measurements (Figure 4.6) at the hillslope study area. We calculated pearson
correlation coefficients (r) between hydrometric dataand EMMA derived
contributions. The pearson correlation coefficient between water height in well AO1
and EMMA derived baseflow contribution to subsurface lateral flow was -0.90
( p<0.001) during the December event and —0.92 ( p <0.001) during the May event.
Furthermore, the timing of EMMA derived baseflow contributions were in close
agreement with the measured water height in well AOL (Figure 4.6). The pearson
correlation (r = 0.52, p<0.01) for the organic horizon EMMA derived contribution to
lateral subsurface flow and soil moisture measured at this soil profile position for the

December event was smaller than the pearson correlation for baseflow. The organic
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horizon EMMA derived contribution was likely overestimated at the start of the event,
since the EMMA derived contribution was much higher than the soil moisture
contribution (Figure 4.6).

Soil matric potential at 100 cm depth located 5 m upslope from well EO4 was
used as a proxy for transient groundwater in well EO4 during the May 2005 storm
event, because the transient groundwater hydrograph was affected by sampling during
this event. The pearson correlation coefficient of EMMA derived baseflow to stream
water during the December event was -0.58 ( p < 0.01) and the timing of EMMA
derived baseflow was in general agreement with the water height in well AOL (Figure
4.6). For the May event, the pearson correlation between transient groundwater
EMMA derived contribution to lateral subsurface flow and soil matric potential at the
deep soil profile position was 0.52 ( p <0.01). The pearson correlation coefficient of
organic horizon was low (r = 0.36) for stream water during the December 2004 event
with a p <0.1; during the start of the event, the EMMA organic horizon derived
contribution was largely overestimated (Figure 4.6). The pearson correlations for the
EMMA derived contribution of transient groundwater and shallow soil water to stream
water during the May event were -0.66 ( p <0.001) and -0.65 ( p <0.001) respectively,

and timing of these contributions and measurements were generally in agreement.

4.4.4 Lagtime and flow direction analysis
The physical hydrological dynamics of the December 2004 and May 2005

storm events were evaluated through calculation of time lags of soil moisture, soil
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matric potential, seep and transient groundwater, lateral subsurface flow and stream
flow to the start of rainfall (Table 4.1. and Figure 4.7). In addition we also present
results from the flow direction analysis that was done to test if a lateral flow
component within the soil profile is an important part of the flushing mechanism.
Responses of shallow soil moisture, shallow soil matric potential and lateral
subsurface flow and stream flow to rainfall were similar and lagged rainfall by 8 to 12
hours, except for the 30 cm soil moisture probe at the middle slope location that
lagged rainfall by 17.8 hours (Table 4.1.). The soil moisture response at deep soil
profile position and 122 cm (well EO4) lagged rainfall by 15.7 to 25.7 hours. The 15.7
hour lag time is from the upper soil moisture probe location on the hillslope and
precedes the soil moisture probe response at 70 cm by 1.7 hours. While this may
indicate preferential flow, the overall soil moisture response at 70 cm preceded the soil
moisture response at 100 cm. Transient groundwater response in wells DE7 at 215.5
cm depth and AO5 at 40.5 cm depth, lagged rainfall by 48.2 and 51.8 hours
respectively.

During the May 2005 event, responses of seep groundwater (A01), shallow
soil moisture, shallow soil matric potential and lateral subsurface and stream flow to
rainfall were similar and lagged rainfall by 45 to 48 hours, except for the shallow soil
moisture probe and tensiometers at the upper slope location that lagged rainfall by 31
to 33 hours (Table 4.1.). Deeper soil moisture and matric potential responded to

rainfal by 45 and 63 hours. Transient groundwater height observations were not
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available because sampling of wells during the storm affected the groundwater
hydrographs to alarge extent.

The flow direction analysis based on the tensiometer triangle installed 25 meter
upslope showed that the direction of flow was mainly directed vertically during the
December and May storm events (Figure 4.8.). Flow direction (r) with a positive
deviation (a) from the vertical flow direction (v) is considered a lateral flow
component. Flow direction parallel to the slope of the hillslope is characterized by an
a of 44°. During the December event the maximum deviation from the vertical flow
direction at 30 cm depth was 2.4° and most of the time (77%) smaller than zero and
thus directed into the hillslope. During the May event maximum a at 30 cm depth was
10°, and awas 36% of the time <0°. Although the maximum deviation from the
vertical flow direction at 70 cm depth was 25° during the December event and
coincided with positive pore pressures at 100 cm depth (Figure 4.8), 86% of thetime a
was < 10°. During the May event maximum awas 19°, however awas 65% of the
time < 10°. The negative changes of a (flow direction changes in upslope direction)
during both storm events coincide with large positive changes in rainfall intensity
(Figure 4.7 and 4.8), indicating that changes in rainfall intensity are the driving force
for changesin flow direction at both depths. In general these results show that a
significant lateral flow at considerable lengths of time does not exist at 30 cm and 70

cm depth.
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4.45 DOC and N in organic horizon, soil and groundwater

DOC and N in throughfall, from the organic horizon and in soil water were
sampled frequently during the December 2004 and May 2005 storm events to
investigate if DOC and N were alimited or unlimited supply during these storm
events. Pre-storm mean DOC and DON concentrations in the organic horizon during
the December storm, between 12/02 and 12/09, decreased from 11.7 to 7.4 mg I and
from 0.45 to 0.14 mg I™* respectively (Figure 4.9). Between 12/09 and 12/12 both
DOC and DON concentrations in the organic horizon increased slightly. DON
increased in throughfall during the storm. In contrast DOC in throughfall showed a
dilution pattern. The increase in DIN concentration in the organic horizon during the
storm is probably to some extent caused by the increase in DIN concentration in
throughfall. DOC concentrations at 20 cm and 30-40 cm depth did not show
significant variation during the storm, while at 70-110 cm DOC increased dightly.
DON soil solution concentrations did show variation during the storm: (1) at 20 cm
depth, DON decreased from 0.2 to 0.1 mg |™* between 12/09 and 12/12, (2) DON
showed a overall increase in concentration at 30-40 cm depth compared to pre-storm
DON, with a peak at 12/09, and (3) DON increased from 0.04 to 0.1 mg I™* at 70-110
cm depth. DIN at 20 cm depth did not show any variation, while it showed some
variation at deeper soil depths.

During the May storm in 2005, DOC and DIN concentrations showed little
variation in throughfall, while DON concentrations decreased between 05/19 and

05/22. The decrease in DOC and total nitrogen (TN) during the storm in the organic
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horizon indicates a dilution pattern, and afinite source of DOC and N. DIN data was
not available for the organic horizon. DOC and DON concentrations increased at 20
cm soil depth during the storm, while DOC and DON concentrations at 30-40 cm
depth did not show alarge amount of variation. DOC concentrations increased at 70-
110 cm soil depth, from 0.9 to 1.6 mg I}, and in contrast DON concentrations
decreased at this soil depth range.

EMMA indicated that organic horizon, seep and transient groundwater were
important end members. Furthermore, the flow vector analysis suggested a possible
strong connection between the organic horizon and groundwater. To elucidate the
connectedness between the organic horizon and transient and seep groundwater we
compared organic horizon DOC and N concentrations and SUV A values with transient
and seep groundwater DOC and N concentrations and SUV A values during the two
storm events. During the December storm event DOC and DON concentrations and
SUVA values of the organic horizon and transient groundwater were very similar,
while seepage groundwater was characterized by lower values (Table 4.2). This
suggests in combination with predominantly vertical flow from the flow vector
analysis vertical preferential flow. In addition, during the May storm event and
December storm event, DOC concentrations and SUV A values of transient

groundwater indicate an organic horizon/ shallow soil signal.
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4.5 Discussion

While many studies (e.g. Boyer et a., 1997; Vanderbilt et a., 2003; Hood et
al., 2006) described higher stream nutrient concentrations on the rising limb compared
to the falling limb of the hydrograph, description of the flushing mechanism has been
largely qualitative. In the literature three different flushing hypotheses have been
described: (1) arising water table that intersects high nutrient concentrations in the
upper soil layer, (2) vertical transport of nutrients, by preferential or matrix flow
through the (deeper less bio-active) soil to the soil-bedrock interface and then laterally
downslope, and (3) lateral transient flow within the shallow sail profile. It is difficult
to reject one or more of these hypotheses because we need a variety of hydrological
and chemical approaches to do so. However, it isimportant given that a mechanistic
understanding of flushing of nutrientsis essential for model development for
prediction of land use change and climate change effects on surface water quality.

The main objective of our paper was to mechanistically assess nutrient flushing
at the catchment scale, through measurements at the point, hillslope and catchment
scale. We used hydrometric data (groundwater level observations, soil matric potential
and soil moisture measurements) to validate our chemical end-member analysis of
different sources of lateral subsurface flow and stream water. Lateral subsurface and
stream water both showed highest DOC and DON, and SUV A values during the rising
limb of the hydrograph during the December and May storm events. EMMA indicated
generally three different sources for lateral subsurface flow and stream water during

the December and May storm events 1) organic horizon water or shallow soil water or
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transient groundwater, 2) baseflow and 3) throughfall. EMMA derived baseflow
contributions to stream water and lateral subsurface flow were in good agreement with
groundwater level variations in seepage well AOL. Soil moisture dynamicsin the
organic horizon were in agreement with the EMMA derived organic horizon water
contribution to stream water and lateral subsurface flow, athough EMMA likely over-
estimated the organic horizon contribution during the rising limb of the hydrograph.
Furthermore, deep soil matric potential patterns were in agreement with EMMA
derived transient groundwater contributions to stream water and lateral subsurface
flow. The flow direction analysis and high DOC and DON concentrations and SUVA
valuesin transient groundwater suggest vertical preferential flow to depth and a strong
connection between the organic horizon/ shallow soil and transient groundwater.
Groundwater heights above the bedrock were very shallow (about 10-15 cm) and the
predominantly vertical flow component in the unsaturated zone during the storm
events regject flushing mechanisms (1) and (3). Our results support flushing mechanism
2: vertical transport of nutrients through preferential flow and then laterally downslope
at the soil bedrock interface occurred at our site. Furthermore, DOC and DON were a
finite source in the organic horizon, while DOC and DON concentrations from
shallow and deep lysimeters did not show large temporal variation. This suggests that
the DOC and DON flushing pattern observed in lateral subsurface flow and stream
flow was caused by organic horizon dynamics. However, the combination of EMMA,
SUVA and hydrometric data showed evidence that flushing mechanism 2 including a

finite source of DOC and DON is not sufficient to explain our observations. Mixing of
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different sources of water both spatially and temporally needs to be included to
explain nutrient flushing mechanistically. We will describe thisin more detail in the

following sections.

45.1 Mixing at hillslope and catchment scale

Since the end-members throughfall and deep soil water at the hillslope scale
projected close to each other in the U-mixing space we were not able to separate these
two end-members. At the hillslope scale we did choose throughfall since it
encompassed the variability in samples well, and throughfall was a likely end-member
for the following reasons. Hydrograph separation of storm events based on
conservative isotopes (d'®0) at the hillslope and catchment scale (McGuire, 2004)
with TRANSEP (Weller et al., 2003) showed event water contributions of < 30%.
When we would have used deep soil water as an end-member instead of throughfall
the contribution of event water would have been in disagreement with the hydrograph
separation results based on d*®0 for the May storm event. Baseflow, transient
groundwater and soil water may be considered ‘old’ water, while organic horizon
water and throughfall may be considered ‘new’ water. Using deep soil water instead of
throughfall, and organic horizon instead of transient groundwater would have resulted
in an underestimation of new water (2.8%). In addition, we used throughfall as an end-
member at the catchment scale since we were able to separate throughfall and deep
soil water for the December storm. The reason we could not separate throughfall and

deep soil water during the May storm was that deep soil water changed on a seasonal
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scale to amore throughfall signature because of dilution: average Cl” concentrationsin
deep soil water were 2.79 mg I in August and diluted to 0.56 mg I in April and
stayed low throughout the rest of the study period. The EMMA derived new water
contributions (throughfall and organic horizon) at the catchment scale and hillslope
scale, were higher than the range of d*20 -derived new water contributions (McGuire,
2004). EMMA derived new water contributions during the December storm were 43%
and 49%, and during the May storm were 34% and 29%, respectively at the catchment
and hillslope scale. This over-estimation of the new water contribution may have been
caused by the inability to separate the end-members throughfall and deep soil water in

the end-member mixing space and high variability in the end members.

4.5.2 Conceptual model of DOC and DON flushing

The clockwise hysteresis patterns of DOC and DON during the December and
May storm event at the hillslope and catchment scale has also been observed in other
studies at this site (Hood et a., 2006) and at other sites (McGlynn and McDonnell,
2003; Buffam et a., 2001). The response times of soil and groundwater, and lateral
subsurface and stream flow to the start of rainfall indicated that the rapid increase in
DOC and DON during the early response of the December and May storm, at the
hillslope and catchment scale, was mainly derived from a shallow soil water source
near the stream. At the hillslope scale depth to bedrock increased upslope from about
0.3-0.6 m at the hillslope stream interface to 3-8 m at the ridge of the hillslope. This

increase in depth to bedrock for the lower hillslope above the trench isillustrated in
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Figure 4.11. Thus shallow soil depths at the soil stream interface enabled water to
move relatively quickly to the soil-bedrock interface resulting in high DOC and DON
concentrations during the early response of storms (Figure 4.12.a).

SUVA and raw fluorescence did increase when DOC and DON concentrations
did rapidly rise during the early response of the storm events. Several studies have
found that SUVA is strongly related to the aromatic content of DOM (Weishaar et al.,
2003; Hood et al., 2005). Furthermore, the aromatic content and SUV A values of
DOM decrease with soil depth with highest values in the organic horizon and lowest
valuesin deep soil water (Hagedorn et a., 2000; Van Verseveld, 2007). Van
Verseveld (2007) showed that at this site SUVA vaues and DOC and DON
concentrations decreased with soil depth, suggesting preferential retention of aromatic
DOM in soils. However, transient groundwater showed high DOC, DON
concentrations and high SUV A vaues (Van Verseveld, 2007), indicating that vertical
preferential flow occurred. Thus high DOC, DON concentrations and SUV A values
during the early response of the storm events at the hillslope and catchment scale were
caused by a combination of vertical preferential flow from the organic layer and lateral
subsurface flow above the bedrock in the near stream zone. Later in the event, but still
on the rising limb more upslope sources became important (Figure 4.12.b). For
example during the December event well EO4 started responding to rainfall 19 hours
after rainfall started. Travel time from this hillslope position is about 24 hours based
on a average subsurface flow velocity of 0.5 m h, that was calculated from a Br”

tracer injection in thiswell during a sprinkler experiment (Grahamet a., in prep), and



124
isin agreement with subsurface flow velocity calculations at this hillslope by McGuire
(2004). Thus the second peak and subsequent peaksin DOC, SUVA and raw
fluorescence during the December storm event were derived from at least the lower
15-20 meter of the hillslope.

The organic and shallow soil horizon were important contributors to high
DOC, DON concentrations and SUVA values in lateral subsurface flow and stream
water during storm events based on hydrometric dataand EMMA. However the
guestion remains what caused the clockwise hysteresis pattern of DOC, DON and
SUVA. The organic horizon showed a dilution pattern during the December and May
storm events, which indicates that DOC and DON were both a limited source during
storm events. Since transient groundwater and the organic horizon were strongly
connected the decreasing DOC and DON concentrations at the organic horizon during
storm events explain lower DOC and DON concentrations during the falling limb of
the lateral subsurface flow and stream water hydrograph. Indeed, DOC and DON
concentrations patterns in seepage and transient groundwater during the December and
May event support this respectively (Figure 4.10). However, organic horizon SUVA
values did not change much during the storm events, and SUVA remained high in
transient groundwater during the storm events (Table 4.2). Thus, while the organic
horizon dynamics explain the lower DOC and DON concentrations, it does not explain
the lower observed SUV A values during the falling limb of the lateral subsurface flow
and stream water hydrograph. EMMA showed maximum values of throughfall

contribution which was likely a mix between throughfall and deep soil water during
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the falling limb of the lateral subsurface flow and stream water hydrograph. Deep soil
water, seep groundwater and throughfall to alesser extent were characterized by low
SUVA vaues. We argue that the seep groundwater/ deep soil water contribution was
higher during the falling limb than the rising limb of the storms at the hillslope and
watershed scale and caused lower SUVA values and lower DOC and DON
concentrations during the falling limb of the hydrograph (Figure 4.12.c). Seep
groundwater is fed by mostly slow drainage of deep soil water throughout the year that
likely extends much higher upslope where soil depths reach up to 8 m, than the lower
15-20 meter of the hillslope that is characterized by transient groundwater dynamics.
Slow drainage results in preferential retention of aromatic carbon which explains the
low SUVA values of seep groundwater and lateral subsurface flow. For example
during the December and May events average DOC and DON concentrations and
SUVA values were lower in seep groundwater (well AO1) than in transient
groundwater (Table 4.2). In addition, SUV A values decreased in seepage groundwater
during the December storm event (Figure 4.10). Furthermore, comparing groundwater
height dynamics of seep groundwater (A01) and transient groundwater (EO4) suggests
that seep groundwater contributed more during the falling limb of the December storm
event. Thus the clockwise hysteresis pattern was caused by a combination of afinite
source of DOC and DON in the organic horizon and higher contribution of seepage
groundwater/ deep soil water on the falling limb of the lateral subsurface flow and

stream flow hydrograph. Flushing mechanism 2 aone could not explain our
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observations. The change in mixing of water sources during storm events had to be

included.

4.6 Concluding remarks

We mechanistically assessed nutrient flushing at the hillslope and catchment
scale during a December and May storm event. We posed the three following flushing
mechanisms as hypotheses: (1) arising water table that intersects high nutrient
concentrations in the upper soil layer, (2) vertical transport of nutrients, by preferential
or matrix flow through the (deeper less bio-active) soil to the soil-bedrock interface
and then laterally downslope, and (3) vertical transport of nutrients and then laterally
within the soil profile, and tested these hypotheses based on a combination of
hydrometric and natural tracer data.

Sources and flowpaths of stream water and lateral subsurface flow were
examined at the storm event scale through the use of hydrometric and natural tracer
data. End-members from end-member mixing analysis were essentially grouped in the
following categories (1) organic horizon water or shallow soil water or transient
groundwater, (2) baseflow and (3) throughfall. Detailed measurements of DOC and
DON concentrations in the organic horizon showed a dilution pattern. High DOC and
DON concentrations and SUV A values in the organic horizon and transient
groundwater suggested vertical preferential flow and a strong connection between the
organic horizon and transient groundwater. Groundwater was characterized by

maximum groundwater levels of 10-15 cm. Furthermore the unsaturated flow vector
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analysis showed that flow in the unsaturated zone was predominantly vertical during
both storm events. Thus, hydrometric data in combination with natural tracers enabled
us to reject flushing mechanism 1 and 3, and to accept flushing mechanism 2 that
included afinite source of DOC and DON in the organic horizon.

However DOM quality, expressed as SUV A was needed to further refine our
conceptual model based on flushing mechanism 2. During the early response of the
December and May storm events DOC and DON were mainly transported from near
stream zones, while upslope sources (~20 m upslope) became more important later in
the event, but till on the rising limb of the hydrograph. The organic horizon DOC and
DON dilution pattern and the strong connection between the organic horizon and
transient groundwater during the storms could explain the lower DOC and DON
concentrations during the falling limb of the hydrograph, resulting in a clockwise
hysteresis pattern. However, SUV A that also showed a clockwise hysteresis pattern
did not change significantly in the organic horizon and transient groundwater during
storms. We argued based on hydrometric data and SUV A that the contribution of seep
groundwater/deep soil water was higher during the falling limb compared to the rising
limb of the hydrograph and had a dilution effect of DOC and DON concentrations and
SUVA values.

This study showed the importance of combining hydrometric and tracer data that
enabled us to mechanistically assess nutrient flushing at our site and to develop a
conceptual model of how DOC and DON were transported from the soil to the stream

at the hillslope and catchment scale during storm events. In addition it demonstrated
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the value of using SUVA as ameasure of DOM quality. Without SUVA we would not
have been able to refine our accepted flushing mechanism hypothesis of vertical
transport of nutrients by preferential flow to the soil-bedrock interface and then

laterally downslope.
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Table 4.1. Hydrological response timing to rainfall of December 2004 and May 2005
storms events.

Site Decemb_er storm 2004 _ May storm 2005
Time lag from start rainfall event (hour)
Soil moisture lower soil pit (30 cm) 8.33 45.17
Soil moisture lower soil pit (70 cm) 14 45.83
Soil moisture lower soil pit (100 cm) 17.83 49.83
Soil moisture middle soil pit (30 cm) 11.33 33
Soil moisture middle soil pit (70 cm) 17.33 49
Soil moisture midlle soil pit (100 cm) 15.67 52.67
Soil moisture upper soil pit (30 cm) 17.83 47.83
Soil moisture upper soil pit (70 cm) 245 58.17
Soil moisture upper soil pit (100 cm) 25.67 62.17
Tensiometer (30 cm) 9.33 31.67
Tensiometer (70 cm) 16.33 52.67
Tensiometer (100 cm) 19.67 58.33
Groundwater (well E04) 19 -
Groundwater (well DEQ7) 51.83 -
Groundwater (well A05) 48.17 -
Groundwater (well A0L) 11.83 44
Lateral subsurface flow 9.67 45.17

WS10 outlet 9.5 44.67
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a) December 2004 storm event
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event and b) during the May storm event.
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December 2004 storm event, and b) the May 2005 storm event.
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Table 4.2. Mean (SE) of DOC, DON, DIN and SUVA in transient and seep
groundwater during December 2004 and May 2005 storm events.

December 2004 event May 2005 event
:])rganic -glj-rrggg;.?v;te gsfoelﬁ)ndwate Organic -glj-rrggg;.?v;te gsre(?l?ndwate
orizon : : horizon : :
DOC [mg L7 9.0 (1.3) 10.8 (2.0) 3.4 (0.07) 12.9 (1.2) 4.7 (0.7) 3.7(0.2)
DON [mg L™ 0.27 (0.06)  0.23 (0.11) ?(5?()7(?6) n.a. 0.21 (0.04) ?6?5139)
DIN [mg LY ?d?éf?) 0.86 (0.51) ?(5?()2066) n.a. 0.81 (0.23) ?6?5(?5)

SUVA [Imgtm?¥ 55(0.5) 48(3.2) 1.3(0.2) 4.9 (0.4) 2.5(0.2) 0.6 (0.1)
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Figure 4.10. DOC, DON concentrations and SUV A values in a) seepage groundwater
(well A01) during the December storm event, and b) transient groundwater (well E04)

during the May storm event
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Figure 4.11. Cross-section of the hillslope above the trench along the profile line A-
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Figure 4.12. Conceptual model of nutrient flushing during A) start of the storm with
vertical flow that reaches the soil bedrock interface of the lower hillslope section
resulting in transient groundwater at this location, and contribution of seepage
groundwater/ deep soil water, resulting in the first rapid increase of DOC, DON,
SUVA and raw fluorescence, B) later in the storm event on the rising limb of the
hydrograph vertical flow reaches greater depths and more upslope sources of transient
groundwater become important, and contribution of seepage groundwater/ deep soil
water increases, causing DOC, DON, SUVA and fluorescence to remain high, C)
during the falling limb of the hydrograph, transient groundwater contribution moves
downslope and decreases while seepage groundwater/ deep soil water contribution
remains high compared to the start of the storm, resulting in a dilution pattern of DOC,
DON, SUVA and raw fluorescence. Furthermore, the finite source of DOC and DON
in the organic horizon during the storm event contributes to decreasing concentrations
of these solutes during the storm.
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5.1 Introduction

The double paradox in catchment hydrology and (bio)-geochemistry (Kirchner,
2003) is a source of major debate and discussion in hydrology at present (Bishop et a,
2004; Jones et al., 2006; Kienzler and Naef, 2007). A simple definition of the double
paradox is the rapid mobilization of stored, pre-event water to the stream during storm
events but variable runoff chemistry. Taken individualy, the individual elements of
the double paradox have been described for many years. For instance, Martinec (1975,
p.496) noted the rapid delivery of “old water” where he stated that “by the concept, the
quick reaction of outflow to a massive groundwater recharge is brought to agreement
with the long residence time of the infiltrated water”. Since then, many studies have
attempted to mechanistically assess how stored water is rapidly effused to the stream
via macropore flow (McDonnell, 1990), transmissivity feedback (Kendall et al., 1999;
Bishop et a, 2004), hydrodynamic mixing (Jones et a., 2006), and pressure wave
propagation (Torres, 1998; Williams et a., 2002). In terms of variable runoff
chemistry, these patterns have been noted since 1964 (e.g. Hendrickson and Kreiger,
1964; Miller and Drever, 1977), where during events, some constituents become
dilute, others more concentrated and some remain unchanged through the event
(Walling and Foster, 1975). Since then, several studied have attempted to explain
these different geochemical behaviors with end member mixing approaches (Swistock
et al., 1989; Hooper et a., 1990), hysteresis pattern analysis (Evans and Davies, 1998)

and reaction path modeling (Plummer et al., 1990; Appelo et al., 1987).
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Resolving the double paradox is essential to improve our understanding of
flowpaths and predicting transport of contaminants and natural (bio)-geochemical
solutes at the hillslope and catchment scale. One very recent study has begun to tackle
the two elements of the double paradox together. Bishop et al. (2004) described in a
recent commentary how to resolve the double paradox for spring flood events in the
Nyanget catchment in Sweden. The rapid mobilization of old water was explained by
the transmissivity feedback, where the addition of relatively little water caused the
groundwater level to rise and mix with ‘old’ water held in the unsaturated zone. The
resolution of variable runoff chemistry of old water was explained by lateral flow rates
that intersected distinct vertical soil solution chemistry profiles of dissolved organic
carbon (DOC), calcium (Ca?*) and chloride (CI™) in the riparian area. Another study,
before the double paradox was presented by Kirchner (2003), demonstrated in two
papers (Anderson et al., 1997a; Anderson et al., 1997b) an explanation for the double
paradox. They conducted a sprinkler experiment in a 860-m” catchment in the Oregon
Coast Range and added deuterium as a tracer to the sprinkler water. Rapid
mobilization of old water was attributed to displacement of old water (plug flow) in
the unsaturated zone that mixed with lateral saturated flow paths emerging from the
bedrock (Anderson et al., 1997a). Through the application of both high and low ionic
strength sprinkler water of >200 mm, variation in runoff chemistry of avariety of
solutes was explained by (1) buffering of the sprinkler water signal in soil water, (2)
mixing of soil water with water exfiltrating from the bedrock, (3) water contact time

with bedrock depending on flow conditions, and (4) exchange of water and solutes
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between small and large pores in bedrock during start of sprinkler application
(Anderson et al., 1997b). These explanations were in agreement with the rapid
mobilization of old water.

Both studies (Bishop et al., 2004; Anderson et a., 1997a, 1997b) have
improved our understanding of the double paradox. However, the study of Bishop et
al. (2004) was conducted under natural conditions and thus relied on passive and
variable isotope inputs to determine the contribution of old water during storm events
Characterization of the isotope input under natural conditionsis difficult because of
gpatial and temporal variation in inputs (rainfall and snowmelt) at the catchment scale.
Often we sample the isotope input at one location which can result in considerable
uncertainty in hydrograph separation and residence time modeling (McGuire and
McDonnell, 2006). Furthermore, identifying flowpaths contributing to runoff under
natural conditions is complex. Bishop et a. (2004) showed in a plausible way that
lateral flowpaths that intersected distinct vertical soil solution chemistry profiles
controlled variable runoff chemistry. However, vertical preferential unsaturated
flowpaths may have supplied solutes from the upper soil profile. DOC was used as a
tracer to explain sources of stream water and thus variable runoff chemistry in their
study. Severa other studies have used variation of DOC concentrations in the soil
profile as anatural tracer (e.g. Brown et al., 1999; Inamdar et al., 2006), to explain
sources of stream water. However, whether this source is supply limited (e.g. DOC in
the organic horizon shows a dilution pattern during arainfall event) or unlimited (e.g.

DOC in the organic horizon is an infinite source and not affected by rainfall events) at
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the time-scales of individual storm eventsremains poorly understood and makes a
mechanistic assessment of variable runoff chemistry and thus the double paradox
problematic. The study of Anderson et al. (1997a, 1997b) was conducted under
controlled sprinkler conditions and thus avoided issues with input characterization
(McGuire and McDonnell, 2006) and identifying flowpaths contributing to runoff
under natural conditions. Their sprinkler experiment was of such duration that
deuterium only peaked significantly in shallow soil lysimeters and breakthrough
curves in soil water were incomplete. This made it difficult to determine if vertical
flow in the unsaturated zone followed a plug flow model or an advection-dispersion
model. The distinction between these two models is important since the advection-
dispersion model allows for mixing of old and new water in the unsaturated zone, and
the plug flow model does not.

Most field based studies of conservative tracer movement at the hillslope scale
have focused on qualitative and or conceptual descriptions of observed transit times,
velocities and dispersion of solutes (e.g. Anderson et al., 1997a; Nyberg et al., 2003).
The advection dispersion equation (ADE) with or without (first order) mass transfer
has been used to quantitatively describe solute movement through soil columns (e.g.
Van Genuchten and Wierenga, 1977; Brusseau, 1992) and soil pedons (e.g.
Tsuboyama et al., 1994) but not at the hillslope scale to address the doubl e paradox.
One approach to address the double paradox in a mechanistic and quantitative
plausible way (Kirchner, 2003) isto model conservative solute breakthrough curves

with the advection dispersion equation (ADE) with mass transfer. Mass transfer is the
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movement of solutes between mobile and immobile domains (Coats and Smith, 1964;
Van Genuchten and Wierenga, 1976) of the subsurface or soil column. In unsaturated
soils, immobile zones may develop when soil water is only connected through
preferential mobile flow paths (Kim et al., 2005; Maraga et al., 1997). In saturated
soils, immobile zones are characterized by zones with low hydraulic conductivities
including the size of individual mineral grains (Haggerty et al., 2004). Simulating the
observed breakthrough curve (BTC) from an applied conservative tracer at the
hillslope scale with the advection-dispersion-mass transfer (ADMT) equation (first
order mass transfer) provides parameters as velocity, dispersion, ratio mobile
immobile domain, and mass transfer rate between the immobile and mobile domain.
These parameters help to form a mechanistic plausible model of the double paradox at
the hillslope scale.

This paper reports on a 24-day sprinkler experiment at the hillslope scale that
applied a conservative tracer (deuterium (dD)) at the start of the sprinkler experiment.
Because of controlled conditions we avoided the input characterization issue occurring
under natural conditions. Steady sprinkler rates and long duration of the sprinkler
experiment allowed us to identify flowpaths that control variable runoff chemistry of
lateral subsurface flow from the hillslope, and to investigate whether nutrients were
supply limited or unlimited. Lastly, the duration of the sprinkler experiment enabled
us to explore complete breakthrough curves of dD in soil water, groundwater and
lateral subsurface flow. We investigated variable runoff chemistry, sources of DOC,

nitrogen (N) and electrical conductivity (EC) of lateral subsurface flow, in relation to
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old water mobilization and parameters from the modeled dD BTC in lateral subsurface
flow to mechanistically assess the double paradox. We address the following
guestions: (1) Isthe supply of nitrogen and carbon from soils limited or unlimited
during the sprinkler experiment? (2) What flow paths control variable runoff
chemistry of DOC and N during the sprinkler experiment? (3) Is old water rapidly
mobilized during the sprinkler experiment? (4) Does modeling the dD BTC in lateral
subsurface flow with the ADMT-equation aid to form a mechanistic plausible model

of the double paradox at the hillslope scale?

5.2 Sitedescription

This study was conducted in Watershed 10 (WS10), a 10.2 ha headwater
catchment located on the western boundary of the H. J. Andrews Experimental Forest
(HJA), in the western-central Cascade Mountains of Oregon, USA (44.2° N, 122.25°
W) (Figure 5.1). The HJA has a Mediterranean climate, with wet mild winters and dry
summers. Average annual rainfall is 2220 mm of which about 80% falls between
October and April during storms characterized by long duration and low rainfall
intensity. Snow accumulations in WS10 are common but seldom exceed 30 cm, and
generally melt within 2 weeks (Sollins et al., 1981). Elevations range from 470 m at
the watershed flume to a maximum watershed elevation of 680 m at the southeastern
ridge line. The watershed was harvested during May-June 1975 and is now dominated
by a naturally regenerated second growth Douglas-fir (Pseudotsuga menziesii) stand.

Severa seep areas aong the stream have been identified (Harr, 1977; Triska, 1984).
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These seep areas are related to the local topography of bedrock and/ or saprolite, or to
the presence of vertical, andesitic dikes approximately 5 meters wide, which are
located within the southern aspect hillslope (Swanson and James, 1975; Harr, 1977).

The study hillslope is located on the south aspect of WS10, 91 m upstream
from the stream gauging station (Figure 4.1). The 125 m long stream-to-ridge slope
has an average gradient of 37°, ranging from 27° near the ridge to 48° adjacent to the
stream (McGuire, 2004). The elevation range of this site is between 480 and 565 m.
The bedrock is of volcanic origin, including andesitic and dacitic tuff and coarse
breccia (Swanson and James, 1975). The depth to unweathered bedrock ranges from
0.3t0 0.6 m at the stream-hillslope interface and increases gradually toward the ridge
to approximately 3 to 8 m. Soils are about 1 m deep, and formed either in residual
parent material or in colluvium originating from these deposits. Surface soils are well
aggregated, but lower depths (70-110 cm) exhibit more massive blocky structure with
less aggregation than surface soils (Harr, 1977). Soil textures change little with depth.
Surface soils are gravelly loams, lower soil layers are gravelly silty clay loams or clay
loams and subsoils are characterized by gravelly loams or clay loams (Harr, 1977). .
The soils are highly andic and vary across the landscape as either Typic Hapludands or
as Andic Dystrudepts (Y ano et al., 2005), and are underlain by 1-8 m relatively low
permeability subsoil (saprolite), formed from the highly weathered coarse breccia

(Ranken, 1974; Sollins, 1981).
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5.3 Methods
5.3.1 Sprinkler experiment and instrumentation

A 10 m long trench was constructed (McGuire et al., 2007) to measure lateral
subsurface flow at a natural seepage face. Intercepted subsurface water was routed to a
calibrated 30° V-notch weir that recorded stage at 10-minute time intervals using a 1-
mm resol ution capacitance water-level recorder (TruTrack, Inc., model WT-HR). We
conducted the sprinkling experiment for 24 days beginning on Julian day 208 (July
27), 2005 on an approximately 8 m by 20 m section of the study hillslope directly
upslope from the trench (Figure 5.1.). We applied a total of 2107 mm of water at an
average rate (+SD) of 3.6 (0.5) mm h™ continuously (except for 9 hours with no
application of water due to sprinkler malfunction). A pulse of deuterated water was
applied to the study area via the sprinkling system for 24.5 hours beginning on Julian
day 208. The source of the deuterated water was a 20,000 L reservoir having a natura
isotopic signature in which we mixed approximately one liter of 99.8 % of D,O. For
detailed information about the sprinkler experiment design we refer the reader to
Graham et al. (2007).

We instrumented the gauged hillslope with four nests of porous cup suction
lysimeters (Soil Moisture Equipment Corp., Model 1900, 2 bar) at 0.3, 0.7 and .10 m
depths, except for site AL, where the deepest lysimeter was installed at 0.8 m depth
(soil bedrock interface) (Figure 5.1.). Three plastic zero tension lysimeters of 0.15 x
0.15 m were used; two collected water from the organic horizon, and one collected

water at 0.2 m depth. Twenty five superquartz (Prenart Equipment ApS) tension (0.5



156
bar) lysmetersinstaled at a 30° angle (Lajtha et al., 1999), were located in an upslope
transect at shallow (0.2 m), middle (0.3-0.4 m), and deep (0.7-0.8 m) soil profile
positions. Soil matric potential was measured by 7 fast responding tensiometers (type:
UMS T4, 1 bar porous cups), installed vertically in an upslope transect, two nests of
tensiometers at 0.3 and 0.7 m depth, and one nest of tensiometersat 0.3, 0.7and 1 m

depth. All instrument locations are shown in Figure 5.1.

5.3.2 Sampling

Lateral subsurface flow was sampled with an ISCO sampler every 2 to 4 hours.
Fluorescence of lateral subsurface flow was measured continuously at a5 sec. interval
using afield portable fluorometer (10-AU, Turner Designs, Inc., Sunnyvale, CA)
equipped with a CDOM Optical Kit (P/N 10-303). For the first 12 days zero tension
and tension lysimeters were sampled daily and from Julian day 219 until Julian day
235 were sampled every other day. Tension lysimeters were evacuated to -50 kPa and
were allowed to collect water for 24 hours. Groundwater was sampled daily from two
wells (AO5 and EO4, installed at depths 0.45 and 1.25 m respectively) (Figure 5.1) that
showed consistent transient groundwater and one well (A0, installed at depth 0.35 m)
located in a groundwater seep (Figure 5.1). Well A01 was the only well located at the
“soil-bedrock interface”. A knocking pole survey before well installation showed that
depth of bedrock at well EO4 and well AO1 was at least 2 and 0.8 m respectively.

WEells were augered with a hand auger until refusal.
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Soil samples were taken for extraction and incubation from the upper 0.1 m
minera soil one week before, and four times during the sprinkler experiment (at
weekly intervals at the sprinkler plot and an adjacent dry control plot) in order to
assess potential supply of nutrients. The sprinkler and dry plot were divided in 5
blocks of similar size and two composite samples were used from each two adjacent

blocks, resulting in 10 samples from each plot.

5.3.3 Extraction and incubations

Soil samples were sieved through a 1 mm sieve. Two 10 g subsamples of sieved
soil were extracted with 100 ml 0.01 M KCl and 100 ml 1 M KCl within 24 hours,
shaken for two hours, and filtered with a Whatman no. 40 ashless filter paper, for
DOC-TDN and inorganic N analysis, respectively. To determine potential nitrogen
mineralization, approximately 10 g of sieved soil was incubated at 70% water-filled
pore space and 20 °C for 28 daysin small plastic cups. The lids of the plastic cups
contained small openings with plastic wrap between the lid and cup to prevent loss of
H>0O (g) and to allow exchange of O, and CO,. After 28 days incubated soil samples
were extracted with 100 ml 1 M KCL for inorganic N analysis. Mineral production of

N was calculated as (NOz +N H4+)fina|'(NO3-+N H4+)initial-

5.3.4 Chemical analysis
Water samples were analyzed within 24 hours for pH and EC (TDSTestr40,

OAKTON). Samples were filtered through combusted Whatman GF/F glass fiber
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filters (nominal pore size = 0.7 um) and stored frozen until analysis for dissolved
organic carbon (DOC), total dissolved nitrogen (TDN) and inorganic nitrogen (nitrate
(NOs-N) + ammonium (NH4-N)). Prenart tension lysimeter samples were not filtered
because initial experiments with filtered soil solutions demonstrated that tension
lysimeter samples did not need to be filtered (Lajthaet a., 1999). DOC and TDN
were measured with Pt-catalyzed high-temperature combustion (Shimadzu TOC-V
CSH analyzer with TN unit). NOs-N was measured with the hydrazine sulfate
reduction method and NH,4-N was determined by the Berthelot reaction method with
an Orion Scientific AC 100 continuous flow auto-analyzer (Westco Scientific
Instruments, Inc., Danbury, CT). DON was calculated as the difference between TDN
and DIN (NOs-N and NH4-N). Because DON was calculated by difference, values
sometimes fell slightly below 0 mg - *. Negative DON values were considered to be 0
mg L. UV-absorbance was measured at 254 nm with a Hitachi V-2001
spectrophotometer.

Water samples were analyzed for hydrogen isotope ratios on (1) an isotope ratio
mass spectrometer (Delta plus, ThermoQuest Finnigan, Bremen Germany) interfaced
with a high temperature conversion/elemental analyzer (TC/EA, ThermoQuest
Finnigan) and (2) aliquid water isotope analyzer (Los Gatos Research, Inc). All
hydrogen isotope ratios are expressed as dD values relative to Vienna-standard mean

ocean water (V-SMOW) in %o:

Rsampl e

dD = g - 1 1000%o (1)
tandard
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where R isthe ratio of deuterium to hydrogen atoms of the sample and the

standard V-SMOW. Measurement precision was 2%o.

5.3.5 Dataanalysis

We applied a two-component mixing model to dD breakthrough in lateral
subsurface flow:

QC, =Q,C, +Q.C., 2
where Qisrunoff, Cis concentration, and the subscripts t, p and e stand for total
subsurface flow, pre-event and event water, respectively. We used the deuterium

concentration in subsurface flow (C, ) before the start of adding labeled water to the

sprinkler plot as pre-event water. New water was defined as the average deuterium

concentration of the labeled water (C,). We were able to apply a two-component

mixing model because the average dD signal in sprinkler water without labeled water
was the same as pre-event water (-75%o).
The breakthrough curve of deuterium in lateral subsurface flow was modeled

with the advection-dispersion-first order mass transfer equation:

2
o yp, dom - 212, Y T (3
qt qt R, x R, X
Ton —ac, - c,) (3b)
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where, ¢, and ¢ are the mobile and immobile concentration [ML ]
respectively; b, [] isthe capacity coefficient (ratio of q,,, (immobile water content)
toq,, (mobile water content)); D [L* T™] isthe dispersion coefficient; R[] isthe
retardation factor in the mobile zone (which for deuterium was assumed to be 1); v [L
T isthe average pore-water velocity; a [T™] isthefirst order rate coefficient, x
[L] isthe space coordinate (1-dimension) and t [T] istime. The following initial and

boundary conditions (semi-infinite boundary) were considered:

c,(xt=0)=c, (xt=0)=0 (49)

c (X® ¥ t)=c,_ (X® ¥,t)=0 (4b)

Co(X = 0,1) =G4 (Ug (1) - U (1)) (40)
) _10, t<c 3 0

UC()_'}l t3 ¢ c

where u,(t) isaunit step function, and c, is the strength of the step function. The

advection-dispersion-mass transfer equation with first order mass transfer with initial
and boundary conditions was transformed to the L aplace domain, which resulted in the

following equation in the Laplace domain:

+ 4D i+ 9]_y (5a)

gg R, g o

E(x=L,8) = Cpu eprZD xexpy - -

i
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N Ca R )
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where, cisflux averaged concentration (Kreft and Zuber, 1978; Parker and Van

Genuchten, 1984), s isthe Laplace variable, L isthe length of the problem, and ¢

input
isthe step input. The Laplace transform was numerically inverted in MATLAB with a
modified De Hoog algorithm (De Hoog et al., 1982; Hollenbeck, 1998). We modeled
the lateral subsurface dD BTC as a 1-dimensional problem. Equation 5awas
numerically integrated (function quadv in MATLAB) in the Laplace domain between
L, adL

where L, and L, arethe minimum and maximum upslope distance

from the trench to the sprinkler plot. The BTC was modeled with a step input that
equaled the 0" moment of the BTC.

The model parameters were determined by performing a Monte Carlo
simulation (25000 runs) over expected parameter ranges for the BTC. To evaluate
model performance we used the Nash-Sutcliffe efficiency (E) (Nash and Sutcliffe,
1970). We defined uncertainty of each parameter as the range of parameter values
with an E value of at least or equal to the maximum E value minus 0.1 The parameter
a [h™] range was fixed to the range 1x107° to 1, based on literature values (e.g.

Maragaet al., 1997, Griffioen et al., 1998). The parameter b, [] range was fixed to

tot
0.3-3. This range was approximately equal to arange of immobile water content
between 0.15 and 0.45, if we assume atotal porosity of 0.6 based on soil
characteristics from this site reported by Ranken (1974) and earlier modeling work of
McGuire et al. (2007). The lower limit of the range for dispersion [n? h™] and pore-
water velocity [m h™] were both fixed at 1x10°°. These values were based on minimum

dispersion values of field and soil column studies (order of 10° m? h') (Nielsen et d.,
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1976; Kirdaet a., 1973; Bgjat et a., 2000) and minimum unsaturated fluxes (order of
10* m h, with Darcy velocity of 0.5 mm h™ and porosity of 0.6) calculated by Harr
(1977). Maximum pore water velocity was set to 1 m h* for lateral subsurface flow.
This value was based on an estimated pore water velocity of 0.42 m h* for the subsoil
where K equals ~0.5 m h, gradient and porosity values were assumed 0.5 and 0.6
respectively. Dispersion was modeled for atracer well injection at the hillslope with
an advection-dispersion equation (Victory, 2007), which was 1.7 m? h™, and an upper
limit of 10 m? h™ was assumed to cover possible values of dispersion.

The dD tracer was applied under transient flow conditions (i.e. lateral
subsurface flow increasing to steady state flow conditions). From the start of dD
application (Julian day 208) until Julian day 212 lateral subsurface flow increased
from 0.012 L s* t0 0.049 L s™. After Julian day 212 lateral subsurface flow increased
sowly until semi-steady state flow conditions were achieved and lateral subsurface
flow was varying between approximately 0.055 and 0.065 L s*. Consequently,
significant transient flow conditions occurred during about 17% of the total duration
of the sprinkler experiment (24 days). The advection-dispersion-first order mass
transfer equation assumes steady state flow conditions with a constant pore water
velocity and constant soil moisture content. These assumptions were violated during
part (17%) of the sprinkler experiment. However, Porro and Wierenga (1993) found
similar transport parameters by modeling solute transport in an unsaturated soil
column during water infiltration under steady-state and transient flow experiments.

During these experiments the solute pulses lagged behind the wetting front, and thus
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‘experienced’ small variations in soil moisture content. Furthermore, Wierenga (1977)
modeled solute concentration profiles and breakthrough curves with transient and
steady state models, and found that solute transport during transient conditions was
well approximated with a steady state model when concentrations were expressed as a
function of cumulative drainage instead of time. In contrast, Ruso et al. (1989)
concluded that applying a steady state model may considerably overestimate the
effective vertical solute velocity. Meyer-Windel et a. (1999) found that a steady state
model with cumulative drainage as a time coordinate predicted transport of reactive
and non-reactive tracers well in homogeneous soils without preferential flow features
during transient flow conditions. From these studies it appears that the application of a
steady state model is justified, especially when the solute pulse lags behind the wetting
front. Furthermore the number of irrigation cycles used in these studies to create
transient flow conditions was much larger with likely more flow and soil water content
variations than during our experiment. We believe based on findings from these
studies, in combination with the relative short duration of significant transient flow
conditions during our sprinkler experiment without many irrigation cycles that the

approximation of transport parameters with a steady state model is valid.

54 Resaults
5.4.1 DOC and N dynamics in soil extracts and incubations
Soil extracted DOC, DON and DIN [mg kg™] were high before the start of the

sprinkler experiment (day 203) at the both the sprinkler plot and non-sprinkled dry
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plot. We found no significant difference in soil extracted DOC, DON and DIN
between the dry and sprinkler plot (Table 5.1). When we compare soil extracted DOC,
DON and DIN throughout the sprinkler experiment (Julian day 208-236) between the
dry and sprinkler plot at individual sample days, DOC was significantly lower at the
sprinkler plot on one sample day, DON was significantly lower at the sprinkler plot on
two sample days and DIN was significantly higher at the sprinkler plot on three
sample days. Differences between soil extracted DOC, DON and DIN averaged over
all sample days throughout the sprinkler experiment between the dry and sprinkler plot
were significant (see pvaluesin Table5.1).

Soil extracted DIN from incubated soils from the dry and sprinkler plot
showed high values before the start of the sprinkler experiment compared to values
during the sprinkler experiment (Table 5.2). Differences between soil extracted DIN
from incubated soils at individual sample days and for al sample days throughout the

sprinkler experiment between the dry and sprinkler plot were not significant.

5.4.2 DOC and N dynamicsin sprinkler, soil, ground and lateral subsurface water
During the sprinkler experiment, mean DOC, DON and NH4-N concentrations
in sprinkler water were higher than under natural conditions in throughfall measured at
the site (Table 5.3). Both DOC and DON decreased from highest values immediately
below the organic horizon, to “deep soil lysimeters’ most likely due to sorption of

DOC and DON to soil mineral surfaces. Transient groundwater DOC, DON and DIN
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concentrations in two wells (A05 and E04) were high compared to seepage
groundwater (from well AQL) (Table 5.3) implying vertical preferential flow.

DOC in water collected from the organic horizon, at 0.2 m depth in a zero
tension lysimeter and from tension lysimeters at 0.2 m and 0.3-0.4 m depths showed a
dilution pattern. DOC from tension lysimeters at 0.7-0.8 m depth remained constant
during the sprinkler experiment with a mean value of 2.4 mg I"* (Figure 5.2). Organic
horizon DON and DON at 0.2 m depth in a zero tension lysimeter showed a dilution
pattern, except at Julian day 224 for the zero tension lysimeter at 0.2 m when DON
reached a high concentration (0.63 mg I™"). DON in tension lysimeters at 0.2 m depth
did show a dilution pattern, while DON in tension lysimeters at 0.3-0.4 m depth
reached a maximum concentration and started to decrease at day 218. DIN
concentrations in zero- and tension lysimeters were low and did not show any pattern
(flushing or dilution).

Lateral subsurface flow DOC and DON concentrations increased rapidly at the
start of the sprinkler experiment (Figure 5.3.aand Figure 5.3.c), DOC and DON
peaked within 15 and 11 hours respectively. DOC decreased to arelatively constant
concentration after day 210, while DON showed variable concentrations after the
DON peak (Figure 5.3.c). Raw fluorescence measurements were linearly related to
UV-absorbance (254 nm) (r*= 0.59, p<0.0001), a more standard measurement of DOC
quality. Fluorescence and SUV A patterns during the sprinkler experiment showed that
the DOC-quality changed rapidly to a more aromatic character until discharge

decreased after the sprinklers were shut off (Figure 5.3.b). Fluorescence showed a



166
diurnal pattern, with highest values when latera subsurface flow reached a daily
minimum and lowest values when lateral subsurface flow reached a daily maximum.
Similar to the fluorescence diurnal pattern, DOC concentrations showed a weak
diurnal pattern, and both EC and pH showed a strong diurnal pattern, suggesting that

these patterns were caused by a concentration effect.

5.4.3 Deuterium breakthrough in soil, ground and lateral subsurface water

Water enriched in dD was observed in lateral subsurface flow within 4 hours of
application and dD peaked after approximately 21 hours (Figure 5.4). Total mass
recovery of dD (over the period Julian day 208-Julian day 236) in lateral subsurface
flow was 38%. Water balance calculations showed deep seepage was insignificant
because amost all sprinkler water showed up at the WS10 catchment outlet. This
suggests flowpaths with dD bypassed the trench, in agreement with water balance
calculations (Graham et al., in prep). Seep groundwater did not show significantly
elevated levels of dD during the entire sprinkler experiment and was thus not a
significant contributor to elevated dD in lateral subsurface flow (Figure 5.5). In
contrast, dD in transient groundwater increased rapidly (Table 5.4). All lysimeters
showed significant increases in dD. The shallow lysimeters at 0.3 m responded most
rapidly to the dD input and dD peaksin lysimetersat 0.7 and 1.1 m followed the dD
peak at 0.3 m (Table 5.4 and Figure 5.5). We calculated the average vertical velocity

of labeled water by assuming that the dD peak in lysimeters and wells marked the
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passage of the dD peak in sprinkled water (consistent with the method of Anderson et
a. (1997a)).

d
V= (6)

where d is depth of lysimeter or well, and Dt isthe travel time between start of
dD peak in sprinkler water and dD peak in soil- or groundwater. At all locations the
dD peak arrival time was on the order of 5.7-16.4 mm h™* and was sequential with
depth. One exception was well EO4 where the average vertical velocity was about 2-3

times higher than the average vertical velocity of the deep lysimeters (Table 5.4).

5.4.4 Mixing at the hillslope scale

The dD-based two component mixing model showed that the peak of event
water fraction was 26% and occurred at day 209, 20 hours after the initial dD
application. After day 209, the fraction of event water gradually decreased to ~1% on
Julian day 234 (Figure 5.6).

A bivariate mixing plot of dD against EC for lateral subsurface flow samples,
revealed possible sources of lateral subsurface flow during the sprinkler experiment
(Figure5.7). Baseflow, defined as lateral subsurface flow prior sprinkling with dD
|abeled water, was characterized by low dD values (~-75 %0) and high EC values (~
166 uS). During the sprinkler experiment, lateral subsurface flow shifted rapidly to a
mix of baseflow and dD labeled water, with a maximum fraction of dD labeled water
in lateral subsurface flow on Julian day 209. Soil water dD peaked on Julian day 209

at 0.3 m depth. We compared this soil water dD peak at 0.3 m with the arrival time of
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nearly saturated conditions at the lower and middle slope position tensiometers at 0.3
m depth. The arrival time of nearly saturated conditions was defined as the first three
consecutive measurements with ? < 0.1 kPa. The arrival time of nearly saturated
conditions at the lower and middle slope position tensiometers at 0.3 m depth was on
day 209.41 and 208.76 respectively. Thisindicates that the observed dD and DOC
peak (day 209) in lateral subsurface flow was derived mainly from shallow soil water.
After Julian day 212, nearly saturated conditions were observed at 0.7 m depth on
Julian day 212.18 and 211.86 at the lower and middle slope position respectively. The
dD peak at deeper tension lysimeters and well EO4 occurred at Julian day 212-213 and
Julian day 211.74 respectively. Thus deeper flowpaths became important after Julian

day 212.

5.4.5 Masstransfer at the hillslope scale
ThedD BTC in lateral subsurface flow was well represented by the ADMT
eguation with first order mass transfer. Table 5.5 shows the best fit parameter sets

based on the Monte Carlo simulations. The model efficiency (E) for the BTC was

0.97. Uncertainty ranges were high for parametersb,,, anda , and covered the entire

parameters range used in the Monte Carlo anaysis. The parameters v and D were
more identifiable with the Monte Carlo ssimulation (Figure 5.8). The modeled pore-
water velocity and dispersion coefficient of lateral subsurface flow was 0.19 m h* and

2.4 m* h™* respectively. The residence time of pore water in the mobile zone (t_, ) was

adv

described by:
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t = ﬁ (7)

adv
V

where L [L] isthe average length of the hillope, R[] the retardation factor in the

mobile zone and v [L T the average pore water velocity. The residence time of pore
water in the mobile zone was 63 hours. We used the Dahmkohler number [] to
evauate the importance of first order mass transfer at our site:

Lan, (1+ D)

Da,= -2

(8a)

a

— (8b)
a

a

where the pore water residencetimeisscaled by (1+b, ) and represents the mean

tot
solute residence time (Harvey and Gorelick, 1995; Haggerty et al., 2004), and t, isthe
mass transfer time (Haggerty et a., 2000). WhenDa,>>1, mass transfer time can be
considered too fast to influence the problem significantly. For lateral subsurface flow,
Da, was 18, which suggests that mass transfer was important and influenced the mass
transport significantly. From B, (ratio of immobile zone divided by mobile zone) we
can calculate the percentage of water participating in the flow (mobile water). For

lateral subsurface flow the percentage of mobile water was 29%. This indicates a

relatively high proportion of water at the hillslope scale was immobile.

5.5 Discussion
The double paradox in catchment hydrology and (bio)-geochemistry isa

source of major debate and discussion in hydrology despite work aimed at resolving it
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(Bishop et a, 2004; Jones et al., 2006; Anderson et al., 1997a, 1997b). The rapid
mobilization of stored, pre-event water to the stream during storm events but with
variable runoff chemistry still challenges our mechanistic understanding of flowpaths
and transport of (bio)-geochemical solutes. Bishop et al. (2004) showed that the
transmissivity feedback and lateral flowpaths intersecting distinct vertical soil solution
chemistry profiles of DOC, Ca?* and CI" in the riparian zone resolved the double
paradox. Anderson et al. (1997a, 1997b) showed during sprinkler experiments that
vertical unsaturated flow followed the plug flow model and displaced old water in the
unsaturated zone that mixed with lateral saturated flow paths emerging from the
bedrock, while dilution of solutesin runoff were caused by low-solute soil water that
mixed with bedrock water in agreement with the observation that old water dominated
runoff. However, we frequently do not know (1) the importance of vertical
(preferential) flow at sites where groundwater dynamics seem to dominate (Bishop et
a., 2004), (2) if nutrients like DOC are supply limited or unlimited during storm
events, both outstanding issues that make it difficult to assess variable runoff
chemistry and thus ultimately the double paradox mechanistically, and (3) what type
of mixing (e.g. plug flow model or advection dispersion model) takes place and
described quantitatively.

Our work reported here used a sprinkler experiment approach to define

boundary conditions and combine isotopic, biogeochemical and internal physical
measurements to assess the double paradox at our site mechanistically. We found that

DOC (and to alesser extent DON) were supply limited in the organic and upper soil
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layer. The two component mixing model based on dD showed a small contribution of
new water (maximum of 26%o) to lateral subsurface flow. We identified two flow
paths at our site; vertical flow paths through the unsaturated zone and rapid lateral
subsurface flow. Modeling the dD breakthrough in lateral subsurface flow as a 1-
dimensional problem with the advection-dispersion-first order mass transfer model
showed afast ‘preferential’ mobile flow path of ‘new’ water that was attenuated
because of dispersive mixing and significant exchange of deuterium between the
mobile and immobile domain, consistent with the rapid mobilization of old water. We
argue that the early flushing peak of nutrients as DOC (and DON) in lateral subsurface
flow was caused by mobile flowpaths; first vertical and then lateral along the soil-
bedrock interface, with a strong vertical connection between the organic horizon/
shallow soil and transient groundwater based on nutrient and isotopic data. Later in the
event, lateral subsurface flow DOC concentrations decreased because of dilution in the
organic horizon.

We are aware that modeling the dD BTC in latera subsurface flow with the
advection-dispersion-first order mass transfer model based on steady state flow
conditions, during transient conditions (17% of sprinkler experiment period), may

have resulted in non-realistic transport parameters. We consider this issue below.

5.5.1 How realistic are the modeled transport parameter values?
Our analysis showed that the dD breakthrough curve in lateral subsurface flow

was well described with the advection-dispersion-first order mass transfer equation.
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We are aware that the transport parameters derived from modeling the dD BTC are a
first approximation. Thisis a consequence of transient flow conditions and the
assumption that the advection-dispersion-first order mass transfer equation in a1-D
form is an approximation for the hillslope scale flow and transport complexity. So

how realistic are the modeled transport parameter values? From B, we calculated a

‘ot
mobile water percentage of 29%. Pore size distributions from soil pit data (Ranken,
1974) show that poresfall into two quite divergent size classes. pore sizes > 0.294 mm
or pore sizes < 0.029 mm. Furthermore, the fraction of the pore size class with pore
sizes < 0.029 mm of total porosity increased with soil depth. The pore size class >
0.294 mm represented likely the mobile water domain. We calculated from soil pit 3
(closest to the sprinkler plot) a depth weighted average percentage of total porosity of

pore sizes > 0.294 mm of 36%. The modeled B, was in agreement with the soil pore

ot
size distribution of our site. A steady state tracer well (C1) injection was conducted at
the hillslope and modeled with the advection dispersion equation (Dunn, 2007) to
determine dispersion coefficients and velocities of lateral flowpaths along the soil
bedrock interface. The modeled dispersion coefficient was 1.7 m? h™! and the average
velocity was 0.78 m h™'. Our modeled dispersion coefficient and pore water velocity
were 2.4 m? h™* and 0.19 m h* respectively, and thus similar to values of Victory
(2007). Our transport parameters are effective values of vertical and lateral flowpaths
and our lower pore water velocity may have been caused by smaller vertical flow

velocities compared to lateral subsurface flow.
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The Peclet number Pe =vL/2D istheratio of advective transport to
dispersive transport, and was 0.9 for lateral subsurface flow during the sprinkler
experiment. The dispersivity a, = D/v was 13 mfor lateral subsurface flow, roughly
equaling the average travel distance (11.65 m). These Peclet and dispersivity values
are similar to values found by Kirchner et al. (2001) by applying the advection
dispersion equation at the catchment scale. Thisimplies that the subsurface system
was heterogeneous up to at least the spatial scale of the sprinkler plot on the hillslope.
Our calculated dispersivity value fallsin the center of the range of dispersivities

observed at 10-20 meter field scale from different studies (Gelhar et al, 1992).

5.5.2 The double paradox and organic horizon and shallow soil DOC and N
dynamics

Extracted DIN [mg kg™] was significantly higher on the sprinkler plot compared
to the adjacent dry plot during the sprinkler experiment. Before and after sprinkling,
extracted DIN at the sprinkler and dry plot were not significantly different. We know
from the incubation study that potential N mineralization was the same for the
sprinkler and dry plot on each sample day. This implies that differences in extracted
DIN between the sprinkler and dry plot were not caused by differencesin potential N
mineralization. Higher extracted DIN at the sprinkler plot may have been caused by a
flush of NH," during sprinkling (Cabrera, 1993). Indeed, NH,-N was significantly
higher at the sprinkler plot during sprinkling ( p < 0.05), and not significantly
different prior and after sprinkling based on a Wilcoxon ranksum test. An N flush

generaly occurs for afew days after rewetting of a dry soil (Birch, 1958; Cabrera,
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1993), and elevated NH,-N [mg kg™] lasted for at least 14 days was supply unlimited.
Continuous sprinkling may have physically disrupted soil aggregates resulting in the
release of protected organic matter or de-sorption of organic matter that was
mineralized quickly (Miller et a., 2005).

The average extracted DOC and DON were significantly lower at the sprinkler
plot compared to the dry plot during the sprinkler experiment when (Julian day 215-
235 combined). This suggests that DOC and DON were diluted during the sprinkler
experiment and thus largely supply limited. In addition DOC and DON concentrations
in the organic horizon and mobile water at 0.2 m depth, and DOC concentrations at
0.2 and 0.3-0.4 m depth showed evidence of a dilution pattern. The result of limited
supply of DOC and DON in the organic horizon and shallow layer is significant for
understanding the variable runoff chemistry part of the double paradox. At our site we
cannot simply perceive the organic horizon and shallow soil layer as atime-invariant
geographic source (intersected by vertical flowpaths) to lateral subsurface flow aswas
the case in the study of Bishop et a. (2004). DON was highly variable in lateral
subsurface flow and soil water. This may have been caused by relatively large
variation of DON concentrations in sprinkler water or a higher average
soiltemperature amplitude during the sprinkler experiment in comparison to before the
sprinkler experiment. At 20 cm depth the temperature varied between 18 and 20°C
before the sprinkler experiment, and varied between 18 and 22°C during the sprinkler
experiment, while there was an increase in temperature from 15 to 18°C at 70 cm

depth as aresult of the sprinkler experiment. Because of the high variability in DON
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concentrations we only consider variable runoff chemistry of DOC in the following

sections.

5.5.3 Mechanistic assessment of the double paradox

We identified two main flowpaths at the hillslope scale: vertical flow through
the unsaturated zone and lateral subsurface flow at the hillslope scale. Vertical flow
moved depth sequential based on ? patterns from tensiometers and dD peaks in soil
water and groundwater. The one exception was well E04 that showed an earlier arrival
time than deep soil lysimeters based on the dD peak, indicating preferential flow at
this location.

From the modeled average pore water velocity of lateral subsurface flow
compared to vertical flow velocities based on dD peak arrival timesin the unsaturated
zone we infer that lateral flow paths at the hillslope scale were faster than vertical flow
paths. Even when 29% was mobile in the unsaturated zone (with atotal porosity of
0.6) vertical flow pore water velocities would be smaller than the modeled pore water
velocity of lateral subsurface flow. The dD breakthrough curve for lateral subsurface
flow showed an early breakthrough and long tailing. This would suggest a subsurface
system with fast preferential flow paths (mobile zone) followed by slow flowpaths (an
immobile zone). The percentage of mobile water at the hillslope scale calculated from

the modeled b, , was 29%. Thus, mobile water flows through a small part of the soil

tot
domain while the immobile zone provides alarge mixing reservoir. The peak dD vaue

in lateral subsurface flow was about +19 %o, while the labeled sprinkler water had an
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average signal of +285 %o.. Our results indicate the mechanism responsible for this
large reduction in the dD signal was dispersion and mass transfer between the mobile
and immobile zone. Both processes attenuated the observed dD spike in lateral
subsurface flow and produced a small new water contribution calculated with the two
component mixing model and thus explain the rapid mobilization of stored, pre-event
water. These findings are in contrast with results of Anderson et al. (1997a) that
attributed rapid mobilization of old water to displacement of old water (plug flow) in
the unsaturated zone that mixes with lateral saturated flow paths emerging from the
bedrock. Our results are more in line with findings of Collins et al. (2000) who did not
observe evidence of complete displacement of old water by new water. In addition,
Kienzler and Naef (in press) found by inter-comparison of sprinkler experiments at
different sites that sites with large fractions of pre-event water were characterized by
indirect feeding of subsurface flow; preferential flow paths were fed indirectly via
saturated parts of the soil in contrast to direct feeding by precipitation. Also, they did
not see evidence for complete instantaneous mixing of pre-event and event water.
Rather, saturation of the soil matrix caused the continuous release of pre-event water
from small poresto larger pores. By modeling the dD BTC in lateral subsurface flow
we found a similar mechanism (besides dispersive mixing) at our site; event water
transferred to the immobile domain (i.e. small pores) during the beginning of the
sprinkler experiment and was slowly released during the remainder of the sprinkler

experiment. Although we defined the labeled sprinkler water as new water, the slow
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release of this ‘new’ water could be perceived as ‘old’ water during the end of the
sprinkler experiment.

From the bivariate mixing plot of dD against EC in combination with
tensiometer data we were able to show that the dD peak and DOC peak in |ateral
subsurface flow was derived mainly from a shallow soil depth source. The soil depth
at this site increases from 0.1-0.3 m at the bottom at the hillslope to about 3 meter at
the upper end of the sprinkler plot, and is consistent with the two main flowpaths at
this site and a shallow soil depth source. Since the dD signal in well EO4 showed
evidence of preferential flow we cannot completely rule out that water was not coming
from higher upslope with soildepths > 0.3 m. The DOC breakthrough in lateral
subsurface flow was similar to the dD breakthrough; both had an early rapid
breakthrough, indicating the same mobile flow paths were responsible for these
patterns. The observation that sources of high DOC were from the organic horizon/
shallow soil layer and transient groundwater is in agreement with the two main
flowpaths at our site. The tailing of the DOC breakthrough curve was not as
pronounced as the tailing of the dD breakthrough. This was likely caused by two or a
combination of two mechanisms. Either mass transfer of DOC between the mobile and
immobile domain was small, resulting in less pronounced tailing compared to dD. Or
DOC that transferred from the mobile to the immobile zone was adsorbed to soil
surfaces and became unavailable for transport. Furthermore, the dilution of DOC (and
to alesser extent DON) in the organic horizon and shallow soil layer, and the strong

connection of the organic horizon/shallow soil layer with transient groundwater
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through mobile flow paths controlled the breakthrough of DOC in lateral subsurface
flow. DOC in wells A05 and EO4 showed decreasing concentrations over time and
these patterns are in agreement with the strong connection between the organic
layer/shallow soil layer and transient groundwater. In addition, seepage water had a
dilution effect on DOC and dD. Contribution of seepage water during the sprinkler
experiment did likely not change much and probably decreased slightly during the

sprinkler experiment.

5.6 Conclusions

The combination of isotopic, biogeochemical and internal physical
measurements during a long duration sprinkler experiment, with steady sprinkler rates,
controlled conditions that avoided the issue of input characterization and 1-D
modeling of the dD BTC in lateral subsurface flow resulted in a mechanistically
plausible conceptual model that resolved the double paradox at our site. Seepage
groundwater was stable throughout the sprinkler experiment and did not show elevated
dD as aresult from sprinkling with dD labeled water. Flowpaths consisted of vertical
flow through the unsaturated zone without significant preferential flow, and rapid
lateral subsurface flow. The 1-D modeling of the dD BTC in lateral subsurface flow
showed a small mobile water fraction (mobile water flowpath) of 29% and thus alarge
immobile reservoir. The fast initial breakthrough of dD in lateral subsurface flow was
caused by mobile flowpaths, mass transfer to the immobile domain and dispersive

mixing. These three processes resulted in rapid mobilization of old water in lateral
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subsurface flow, and explain this part of the double paradox in a plausible mechanistic
way. Hydrometric data and a bivariate plot of dD against EC showed that the fast
initial dD breakthrough was mainly derived from a shallow soil source (~30 cm). Later
during the sprinkler experiment more deep flowpaths became important. We inferred
from the similarity in the dD and DOC breakthrough in lateral subsurface flow that
both were caused by the same mobile flowpaths. Furthermore, relatively high dD and
DOC concentrations in transient groundwater showed a strong connection between the
organic horizon/shallow soil layer and transient groundwater. We observed that DOC
in the organic horizon was supply limited and this controlled in combination with the

vertical and lateral flowpaths variable DOC chemistry in lateral subsurface flow.
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Table 5.1. Mean (xSE) of soil extracted DOC, DON and DIN at the dry and sprinkler
plot before the sprinkler experiment (day 203), at individual and for total sample days
throughout the sprinkler experiment (day 215-236). Significant differences (Wilcoxon
ranksum test) in soil extracted DOC, DON and DIN between the sprinkler and dry plot
are marked with an asterisk.

Julianday Dry plot Sorinkler plot
DOC-[C) DON-[N) DIN-[N) DOC-[C) DON-[N) DIN-[N)
[mgkg?) [mgkg’) [mgkg") [mgkgh) [mgkg’) [mgkg?
203 238.8(60.5)  4.4(0.7) 5.0 (0.4) 364.1(75.2)  5.3(0.7) 7.9 (L.7)
215 135.8(16.3) 2.3 (0.3)** 1.3 (0.1)* 81.4 (18.4) 1.1(0.2) 2.2(0.3)
222 116.5(15.7)  3.3(0.6) 1.8 (0.5)* 86.9 (8.2) 2.1(0.4) 3.2(0.6)
229 64.2 (8.8) 1.7 (0.2) 1.1 (0.2)** 70.8 (11.4) 1.8(0.2) 3.9(0.4)
236 119.7 (37.8)* 3.1 (L.Oy** 2.1(0.7) 63.5 (4.1) 1.2 (0.4) 2.4 (0.4)
215-236 109 (8.6)* 2.6 (0.2)** 1.6 (0.2)** 75.6 (5.8) 1.6 (0.2) 3.0(0.2)
*  p<0.05
**  p<0.01
*** p<0.001

*k Kk

p < 0.0001
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Table 5.2. Mean (xSE) of soil extracted DIN from incubated soil from the dry and
sprinkler plot before the sprinkler experiment (day 203), at individual and for total
sample days throughout the sprinkler experiment (day 215-236).

Julianday Dry plot Sorinkler plot
DIN-[N) DIN-[N)
[mg kg™ [mg kg™)

203 56.6 (7.8) 51.9 (10.3)

215 5.9 (2.0 6.3 (2.3)

222 8.9 (1.8) 8.9 (2.4)

229 6.6 (2.3) 7.6 (3.6)

236 7.1(2.3) 9.7 (2.0)

215-236 7.1 (1.0) 8.1(1.3)




Table 5.3. Mean (£ SD) of DOC, DON, NH4-N, NOs-N concentrations and
DOC:DON during the sprinkler experiment.
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DOC DON NH,-N NOs-N DON:TDN  DOC:
DON
[mg 1] [mg ] [mg ] [mg ]

Irrigation water ~ 4.4(0.6)  0.14(0.07)  0.018(0.016) 0.006(0.003) 0.85(0.07)  38(16)

Througfall’ 14(05)  007(0.04)  0008(0.008) 0.008(0.008) 075(021)  25(21)

Organichorizon  7.2(54)  030(0.17)  0.052(0.068) 0.034(0.057) 0.78(0.25)  25(11)

Shallow

N Smeter 59(53)  022(013)  0027(0.029) 0014(0.014) 0.85(0.10)  28(24)

Middlelysimeter  63(42)  021(023)  0029(0.038) 0014(0012) 078(022)  44(36)

Deeplysimeter  24(12)  013(0.13)  0.030(0.033) 0011(0.008) 0.75(021)  32(36)

Se;%“”d""ater 53(1.0)  009(0.04)  0021(0.017) 0011(0.008) 075(0.13) 59 (17)
Transient

6.8 (1.8 0.45 (0.29 0.319(0.400) 0.373(0.420) 0.47 (0.22 23(18

o ser 19 (029 (0400) 0373(0420) 047(02)  23(18)

Lateral 46(0.9  011(005  0014(0012) 0.006(0.004) 0.83(0.13)  54(49)

subsurface flow

* Throughfall of this site during Fall 2004 - Summer 2005 as a comparison to irrigation water of

sprinkler experiment
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Table 5.4. Calculated velocities based on timing of dD peak.
Location Pesk dD Response time [h] Depth [m] Velocity [mm h]

to dD input based on dD peak

AO05 -1.3 50.8 0.44 8.7

EO4 -4.8 75.8 1.24 16.4
AL30 127.6 25.0 0.3 12.0
BL30 -12.7 25.0 0.3 12.0
DL30 44.3 25.0 0.3 12.0
AL70 17.9 97.0 0.7 7.2
BL70 55.3 97.0 0.7 7.2
DL70 -47.7 121.0 0.7 5.8
ALS80 -3.0 121.0 0.8 6.6
BL110 -7.9 121.0 11 9.1
DL110 -60.8 193.0 1.1 5.7

ZTL20_1 16.2 25.0 0.2 8.0




193

1.1

Fraction old water (%)

=
\l
1

0.6 I | | I I I
205 210 215 220 225 230 235 240

Julian day

Figure 5.6. Fraction of old water during the sprinkler experiment based on a 2-
component mixing model. Gray area represents application of labeled sprinkler water.
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Table 5.5. Modeled parameters for the BTC in lateral subsurface flow.

Parameter Best fit Uncertainty range
V [mh’] 0.19 0.003-0.45
D [m?hY 2.43 0.8-7.2
b [] 2.43 0.31-3.00
a [h’ 8.48 102 3.89 10°-1.00
L [m] 11.65
t.q [h] 63.0
t. [h] 11.8
Da, [] 18
E 0.97
pehavioral 1014

models
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6 Conclusions
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6.1 Conclusions

Thisthesisis adirect response to recent discussion in the hydrological
literature that has called for the need for process understanding through field
observations (Sidle, 2006), getting the right answers for the right reasons by
combining field observations and theory that lead to mechanistically plausible and
guantitatively realistic conceptual models (Kirchner, 2006; Sidle, 2006). It responds
to specific cals by Burns (2005) to improve our understanding of nutrient flushing by
considering both biogeochemical and hydrological controlsin our conceptualizations.
This study has improved our process understanding of the dominant controls on
nutrient flushing at the hillslope and catchment scale by combining hydrometric,
natural and isotopic tracer approaches and detailed measurements of soluble nutrients
in soil water, groundwater, subsurface flow and streamwater.

Chapter 2 demonstrated using tree regression analysis that there were three
dominant subsurface flow behaviors: (1) a disconnection between rainfall and
subsurface flow, characterized by soil moisture deficits and filling of storage, (2) a
transitional phase, where the unsaturated zone damped the rainfall signal and (3) a wet
phase, where groundwater and matric potential were in a semi-steady-state condition,
and subsurface flow responded immediately to rainfall. Matric potential values during
subsurface flow behavior 3 were mostly in the highly non-linear portion of the
unsaturated hydraulic function zone—where the unsaturated hydraulic conductivity
increased greatly with small decreases in soil matric potential. This was not the case

for subsurface flow behavior 2. This suggested that the different response of
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subsurface flow between behavior 2 and 3 was largely controlled by unsaturated zone
dynamics. Wetting front velocities were significantly correlated to mean rainfall
intensity, and were explained by Darcy-Richard’ s equation. These observations
resulted in a detailed conceptual model of subsurface flow behavior.

Chapter 3 showed that DON was the dominant form of total dissolved organic
nitrogen (TDN) in all sampled solutions, except for transient groundwater where
dissolved inorganic nitrogen (DIN) was the dominant form. Both the organic
horizon/shallow soil water and transient groundwater were characterized by high DOC
and N concentrations and SUV A values, indicating a strong connection between the
organic horizon and transient groundwater without significant soil matrix interaction.
This result was supported by an unsaturated flow vector analysis in chapter 4 that
showed predominantly vertical unsaturated flow during the December 2004 and May
2005 storm events. This interpretation was also supported by the sprinkler experiment
findings where relatively fast breakthrough of deuterium occurred in transient
groundwater. Dry antecedent moisture (lack of prior flushing) and wet antecedent
precipitation conditions (rewetting of the organic horizon) resulted in high flow
weighted and peak DOC and DON concentrations in lateral subsurface flow and
stream water during storm events. DOC and DON concentrations in stream water and
lateral subsurface flow were significantly lower during the wet period compared to the
transition period during rain driven conditions. This implies a supply-limited source at
the seasonal time scale. Supply-limited DOC and DON in the organic horizon was

also found during the December and May storm eventsin chapter 4. SUVA was
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aways lower in subsurface flow compared to stream water. This suggested that
transient groundwater (with high SUVA) mixed differently with seepage groundwater
(with low SUVA) at the hillslope and catchment scale, even when subsurface flow and
stream water were ‘in sync’ with respect to DOC and N during the wet period. During
the transition period, higher DOC and DON concentrations were observed in stream
water compared to lateral subsurface flow during rain-driven conditions. This was
mainly attributed to in-stream processes based on low runoff ratios of lateral
subsurface flow and stream water. This notwithstanding, a difference in mixing of
seepage groundwater and transient groundwater based on SUVA measurements could
not be ruled out as a secondary control.

Hydrometric data, natural tracers and biogeochemical solutes measured in
organic horizon, shallow and deep soilwater, groundwater (seepage and transient) and
lateral subsurface flow and stream water during the December 2004 and May 2005
storm event allowed a mechanistic assessment of the flushing mechanism at the
catchment scale. Based on these data, end-member mixing analysis and an unsaturated
flow vector analysis, two out of three possible flushing mechanisms were rejected and
vertical transport of nutrients, by ‘preferential’ flow to the soil-bedrock interface and
then laterally downslope with alimited supply of DOC and DON in the organic
horizon was accepted. Furthermore, SUV A measurements revealed that the
contribution of seep groundwater/deep soilwater was higher on the faling limb

compared to the rising limb of the hydrograph.
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In chapter 5, the combination of isotopic, biogeochemical and internal physical
measurements during along duration steady state sprinkler experiment, enabled a
mechanistically assessment of the double paradox at the hillslope scale. The
experiment revealed two dominant flowpaths: vertical flow through the unsaturated
zone, and rapid lateral subsurface flow. 1-D transport modeling of the deuterium (dD)
breakthrough in lateral subsurface flow showed a small mobile water zone and alarge
immobile zone, mass transfer between these two zones and dispersive mixing. These
three processes resulted in rapid mobilization of old water in lateral subsurface flow.
Hydrometric data and a bivariate plot of dD against EC showed that the fast initial dD
breakthrough was derived mainly from a shallow soil source (~30 cm). Later during
the sprinkler experiment, deeper flowpaths were invoked. DOC in the organic horizon
was supply limited and this controlled, in combination with vertical and lateral mobile
flowpaths, the observed variable DOC chemistry in lateral subsurface flow. These
findings supported a new conceptual model that explains rapid mobilization of old
water but variable runoff chemistry at the hillslope scale.

The overall thesis findings resulted in a conceptual model of subsurface flow
behavior and a mechanistic assessment of DOC and N flushing at the hillslope and
catchment scale. This research clearly demonstrated through measuring hydrometric
variables and (natural) tracers during natural storm events and a controlled hillslope
scale sprinkler experiment that simple 2-D representations of flushing is inadequate;
where water flowpaths intersect the distinct vertical soil solution chemistry profilesto

explain DOC and N stream patterns. Natural storm events revealed the mixing of
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different water sources during storm events. This result was mainly based on SUVA
used as atracer to “fingerprint” sources. In addition, SUVA indicated differencesin
mixing of transient and seepage groundwater at the hillslope and catchment scale.
Furthermore, this study challenges the assumption of unlimited supply of DOC and
DON during storm events, an important feature of the flushing mechanism proposed
elsewhere. This research also suggested limited supply of DOC and DON at seasondl
scales controlled by antecedent wetness conditions and re-wetting of the organic
horizon. In a quantitative way, the dominant flowpaths and mobile vs. immobile
flowpaths were identified during a sprinkler experiment that supported findings of
natural storm events (i.e. mainly vertical ‘preferential’ flow based on an unsaturated
flow direction analysis and high DOC and N concentrations and SUVA valuesin
transient groundwater). Lastly, transport modeling of the deuterium breakthrough
curve during the sprinkler experiment with the advection-dispersion first order mass-
transfer equation showed mass transfer between a small mobile zone and alarge
immobile zone. Dispersive mixing was also high. These processes resulted in the rapid
mobilization of old water. In addition, the two dominant flowpaths in combination
with supply-limited DOC in the organic horizon/shallow layer explained variable
runoff chemistry of subsurface flow. These results help resolved the double paradox of

rapid mobilization of old water but variable runoff chemistry at the study site.
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