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a b s t r a c t
Time and frequency domain analyses were conducted on weekly time series of water chemistry (nitrate,
sulfate and calcium concentrations) collected from November 1995 to December 2005 at the West Fork of
Walker Branch in Oak Ridge, Tennessee to evaluate the extent of their persistence and the relationship of
this persistence to discharge and rainfall. In this study, spectral and wavelet analyses provided a theoretical
basis for insights into long-term water chemistry behavior. All water chemistry parameters showed some
level of persistence that was inﬂuenced by rainfall and/or discharge. Short-term persistence (less than a
year) was related to the persistence of rainfall and discharge, whereas long-term persistence (more than a
year) was related to the persistence of discharge. The Walker Branch conceptual hydrology model is augmented by these results that relate characteristic periodicities with ﬂowpaths through different zones:
the vadose zone (<20 week period), saturated zone (20–50 week period) and bedrock zone (>50 week
period) with implications for reactive chemistries within the watershed.
Ó 2011 Elsevier B.V. All rights reserved.

1. Introduction
In order that we may better understand the state and sustainability of natural systems, further research is necessary to deﬁne
the long-term temporal patterns and correlations between water
chemistry and hydrologic factors at a watershed scale. The issue
of scaling of certain deterministic properties across temporal and
spatial scales remains an active area of research (Feddes, 1995;
Sposito, 1998). Different processes (e.g. biological, geochemical),
sources, and ﬂowpaths deﬁne the observed temporal patterns in
water chemistry, and thus their persistence. For example, stream
nitrate concentrations are strongly controlled by biological
processes associated with algae and detrital organic matter on
the streambed (Roberts and Mulholland, 2007) and, as a result, exhibit characteristic temporal patterns with short-term persistence.
However, if ﬂowpaths exist to connect the hydrologic system to
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the deeper groundwater reservoir, longer-term persistence may
also occur.
It is known that a watershed retains solutes and releases them
after some time indicating that there is a likely persistence of
solutes in the watershed. The strength of persistence can be quantiﬁed by the relationship, or correlation, of an observation (e.g. the
concentration of solutes in a stream) with past observations (Kang
and Lin, 2007; Kirchner et al., 2000; Koirala et al., 2010; Shang and
Kamae, 2005). Quantitatively, persistence can either be weak or
strong, short-term or long-term (Beran, 1994; Malamud and
Turcotte, 1999). Short-term persistence implies that the effect of
an observation on future observations becomes negligible after a
relatively short period of time. Similarly, long-term persistence
implies that the effect of an observation on future observations
remains signiﬁcant after a long period of time, based upon the
lag-time used in the analysis. Periodicity of any event (such as
ﬂood) is considered as short-term or long-term persistence
depending on the lag-time. For example less than one year of
periodicity is considered as short-term persistence and more than
one year is considered as long-term persistence. The terms weak
and strong are based upon the magnitude of the correlation between concentration values that are separated by the lag interval.
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Previous studies showed the persistence of chloride, nitrate,
sodium, suspended sediment, and bacteria in different watersheds
(Kang and Lin, 2007; Kirchner et al., 2000; Koirala et al., 2008,
2010; Shang and Kamae, 2005; Zhang and Schilling, 2005).
However, a comparison of the relationship of persistence between
different water chemistry parameters and hydrologic variables in a
watershed using continuous (not missing) reactive water chemistry and hydrologic data and different methods appears to be new
to the literature.
Time domain analysis starts with calculating the autocorrelation function (ACF) and partial autocorrelation function (PACF)
(Tamhane and Dunlop, 2000). ACFs and PACFs were used in the
identiﬁcation of the autoregressive order in an autoregressive
moving average (ARMA) model (Box and Jenkins, 1970; DeLurgio,
1998). ARMA models have been used in the literature to characterize
the correlations within a time series (Box and Jenkins, 1970). An
ARMA model captures the deterministic components (dominant
linear trends) of a time series and leaves behind the stochastic
component (residuals). The stochastic component of a time series
is deﬁned as persistent if the temporally adjacent values are positively correlated. The persistence may be short-term or long-term
depending on the time range over which they are correlated.
Hence, the residuals from the ARMA model were used to determine
the underlying persistence using the autocorrelation of the overall
series.
Spectral analysis was used to determine the short and/or longterm persistence of different water chemistry parameters. Spectral
analysis may reveal certain features of a time series that are not

obvious from other analyses (Percival and Walden, 1993). In spectral analysis, the ﬁnite Fourier transformation is used to decompose the data series into a sum of sine and cosine waves of
different amplitudes and wavelengths. A traditional approach in
the analysis uses plots of the Fourier coefﬁcients against frequency,
which are termed periodograms. However, it should be noted that
a periodogram is an inconsistent estimator of the spectrum. The
sampling error associated with estimates of sum-of-squares are
very large, which may result in an overly wide conﬁdence interval
set up around the intensity estimates at each frequency (Warner,
1998). To avoid bias in the data analysis, spectral densities, which
are smoothed (continuous) approximations of the discrete periodograms, were used rather than actual periodograms.
The spectral analysis is a robust means of identifying the
dominant periodicity in any time series but does not provide scale
and amplitude localization (White et al., 2005). In other words,
time localization is not seen in the spectrum, as the separated frequencies always apply to the entire length of the signal. The alternative is the wavelet analysis, which is commonly known as time–
frequency analysis. This is particularly useful for karstic systems
where highly heterogeneous geological formations characterized
by a multiscale temporal and spatial hydrologic behavior with
more or less localized temporal and spatial structures are present
(Labat et al., 2000, 2001).
The hypothesis of this study was that nitrate, sulfate and
calcium, which represent biologically and geochemically reactive
water chemistry parameters, exhibit persistence which can be
correlated to hydrologic phenomena. This hypothesis was

Fig. 1. Site map for sampling location.
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systematically tested through quantitative analyses that were
designed to meet the following objectives: (1) to evaluate each of
the mentioned water chemistry parameters to determine the
presence of persistence; and (2) to evaluate the relationship of
the persistence to hydrologic variables (discharge and rainfall).
The results were compared with the proposed Walker Branch
conceptual hydrology model, which deﬁnes the various hydrologic
ﬂow paths, such as vadose zone, saturated soil zone above bedrock
and bedrock fractures and cavities (Mulholland, 1993).

2. Data description
The West Fork of the Walker Branch on the US Department of
Energy’s Oak Ridge Reservation (ORR) in Oak Ridge, Tennessee,
was selected for study because of the availability of high frequency
historical water chemistry and hydrologic data (Genereux et al.,
1993; Mulholland, 1993; Roberts and Mulholland, 2007). The West
Fork of the Walker Branch watershed is 38.4 hectare (ha) forested
watershed located in east Tennessee which lies in the karstic
geology (Fig. 1). Walker Branch has been the focus of intensive
ecological–environmental–hydrologic studies since the 1970s,
and which continues today. The relationships between nutrient
ﬂuxes, soil geochemistry and hydrology have been well characterized in previous research (Genereux et al., 1993; Johnson and Van
Hook, 1989; Koirala et al., 2010; Lindberg et al., 1979; Mulholland,
1992, 1993, 2004; Mulholland and Hill, 1997; Mulholland et al.,
1990; Roberts and Mulholland, 2007).
Weekly water chemistry (nitrate, sulfate and calcium) time
series data for the Walker Branch, from November 1995 to December 2005 were used. Daily total rainfall and daily average discharge
data were also used from November 1995 to December 2005 in our
analyses. Discharge was monitored at a site approximately 300 m
downstream from the headwaters in a V-notch weir with 15 min
stage recordings. Rainfall was recorded in the watershed in two
locations using weighing bucket collectors (before 1999) and electronic bucket collectors (after 1999). Stream water samples were
collected from 60 m upstream of the weir for chemical analysis.
For consistency in the analysis and to compare the results in this
study, rainfall and discharge data were averaged weekly. High temporal frequency (e.g. daily or sub-daily) data may give additional
information to study the short-term rainfall–runoff behavior of a
watershed and may further provide the understanding of the impacts from the ﬁrst ﬂush phenomena. However our focus here is
to study the temporal statistical persistence measurement with
weekly averaged data which provides a robust analysis of higher
frequency trends over longer temporal ranges. A detailed description of the site and the methods of analysis of the sample data can
be found in Mulholland (2004).
Three reactive water chemistry parameters, nitrate, calcium,
and sulfate were used in the analyses. The concentrations of some
of the reactive constituents are known to be more biologically
controlled (nitrate) while others are more geochemically
controlled (sulfate, calcium) (Johnson and Van Hook, 1989;
Mulholland, 1993; Roberts and Mulholland, 2007). In the
Walker Branch, calcium and sulfate are considered to be largely
Table 1
Descriptive statistics of rainfall, discharge and water chemistry parameters.
Variable

Missing
count

Minimum

Maximum

Mean

Standard
deviation

Rainfall (mm)
Discharge (L/s)
Nitrate (lg N/L)
Sulfate (mg/L)
Calcium (mg/L)

2
0
1
1
0

0.0
3.8
0.0
1.1
4.9

91.0
225.1
297.0
6.6
52.3

3.7
11.9
28.8
2.3
24.8

9.4
16.4
20.1
0.7
6.7
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conservative in stream water but are temporally variable due to
spatial differences in watershed sources and temporal variations
in hydrologic ﬂowpaths producing inputs to the stream
(Mulholland, 1993; Mulholland and Hill, 1997). The concentration
of nitrate in stream water reﬂects the net effects of various biological processes that take up and release inorganic nitrogen into the
stream and watershed (Mulholland, 2004). In the case of sulfate
and calcium, previous studies indicated that large spatial and temporal variations in the concentrations of sulfate and calcium in
stream water were the result of different sources and sinks along
various subsurface ﬂowpaths (Mulholland, 1993, 2004). The
primary source of calcium in stream water is from bedrock weathering whereas the primary source of sulfate is atmospheric
deposition.
Time series plots of the data are presented in previous papers
(Koirala et al., 2008, 2010). Descriptive statistics of the data are
presented in Table 1.
3. Analyses
For comparison, time domain, frequency domain and time–
frequency domain analyses were performed. A brief description
of the methodology is given below. Detailed methodology has been
published in previous papers (Koirala et al., 2008, 2010).
Time domain analysis starts with calculating the autocorrelation function (ACF) and partial autocorrelation function (PACF)
(Tamhane and Dunlop, 2000). ACFs and PACFs were used in the
identiﬁcation of the autoregressive order in an autoregressive
moving average (ARMA) model (DeLurgio, 1998). ARMA models
have been used in the literature to characterize the correlations
within a time series (Malamud and Turcotte, 1999). An ARMA
model captures the deterministic components (dominant linear
trends) of a time series and leaves behind the stochastic component (residuals). The stochastic component of a time series is
deﬁned as persistent if the temporally adjacent values are positively correlated. The persistence may be short-term or long-term
depending on the time range over which they are correlated.
Hence, the residuals from the ARMA model were used to determine
the underlying persistence using autocorrelation of the overall
series.
In the frequency domain analysis, spectral method was used to
determine the short and/or long-term persistence of different
hydrologic and water chemistry parameters. A Tukey-Hanning
window of width one was used for the spectral peak smoothing.
Signiﬁcance testing was done on the smoothed peaks of the
spectrum using the procedure outlined by Koopmans (1974) and
also explained by Warner (1998).
In the time–frequency domain analysis, wavelet transform method was used. In the wavelet transform, an energy spectrum describes
in the frequency domain what the autocorrelation function
expresses in the time domain. A Mexican hat analyzing wavelet
was chosen for the analysis due to our focus on the amplitude of
the wavelet spectrum (Torrence and Compo, 1998). The analyzing
wavelet is the basic form of the wavelet from which dilated and
translated versions are derived and used in the wavelet transform.
The wavelet spectral power is estimated from the convolution
integral and is plotted against the time scale. A MATLAB code
developed by Torrence and Compo (1998) was used for the analysis.
4. Results and discussion
Appropriate ARMA models were ﬁtted to all parameters and
ACF plots of the resulting residuals are examined for persistence.
All of the parameters exhibit short-term persistence ranging from
3 to 49 weeks (Table 2, Fig. 2). The ﬁrst signiﬁcant peak was located
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Table 2
Signiﬁcant peaks for rainfall, discharge and water chemistry parameters.
Parameter

ARMA method
Peak 1

Rainfall
Discharge
Nitrate
Sulfate
Calcium

Spectral analysis

Peak 2

Peak 1

7

Peak 2

Peak 3

27
28
28

53
48, 53
48, 53
53, 59

2, 8
49
49
49

3
6
7

18

at 7 weeks for calcium, 6 weeks for sulfate, and 3 weeks for nitrate.
A second peak was observed at 49 weeks for sulfate and nitrate.
Rainfall and discharge produced signiﬁcant peaks at 7 and 49
weeks, respectively.
The spectral analyses showed periodicities in the short-term as
well as the long-term (Fig. 3). These analyses also indicate the
strength of the persistence for any frequency or period. Our results
ACF

0.10

showed that the largest signiﬁcant peak for discharge and all the
water chemistry parameters occurred at 53 weeks, no long-term
peaks were identiﬁed signiﬁcant for rainfall (Fig. 3). Only two
short-term peaks (2 and 8 weeks) are signiﬁcant for rainfall. This
implies that the periodicity of all three water chemistry parameters was related to the periodicity of discharge rather than rainfall. Presumably, there is an association of the water chemistry
parameters with the seasonality of high and low ﬂows. This is
likely a water ﬂowpath effect – reduced importance of deeper
ﬂowpaths during periods of higher ﬂow and increased importance
of deep ﬂowpaths at low ﬂow in summer and early autumn. This
suggests that processes by which discharge and the water chemistry parameters show long-term persistence may be the result of
common physical phenomena.
Other peaks identiﬁed by spectral analysis are summarized in
Table 2. Nitrate showed additional periodicities at 18 and
27 weeks. Others have also observed periodicity in nitrate
0.15
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Fig. 2. Autocorrelation function plot of residuals of ARMA model for: (a) daily rainfall, (b) daily average discharge, (c) weekly nitrate, (d) weekly sulfate, (e) weekly calcium.
Lag, associated with large sized symbols, indicates signiﬁcance at 95% conﬁdence limit.
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concentrations at approximately ½ and 1 year. Worrall et al. (2003)
observed periodicities in nitrate concentrations in a watershed at
the Coweeta Hydrologic Laboratory in western North Carolina of
29 weeks and 56 weeks. Zhang and Schilling (2005) reported 27week and 53-week cycles for nitrogen concentration in the
Raccoon River, Iowa. Kang and Lin (2007) observed one-year cycles
of nitrate concentration in an agricultural watershed in eastcentral Pennsylvania. Results from the spectral analysis presented
here for nitrate in the Walker Branch are consistent with similar
studies at different locations. However, the 18 week periodicity
found here seems to be different from those studies.
The nitrate peaks at 18 and 27 weeks in the Walker Branch
indicate the inﬂuence of biological activity on stream nitrate
concentrations. The peak at about 27 weeks is consistent with
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the two periods of low nitrate concentration, although these
nitrate minima are due to different biological mechanisms. In
autumn high rates of in-stream uptake of nitrate are associated
with leaf decomposition, whereas in the early spring high rates
of in-stream uptake are due to increased algal production at
relatively high light levels before the leaves emerge in the forest
vegetation (Mulholland, 2004; Roberts and Mulholland, 2007).
The 18-week peak may be a result of the slight asymmetry of the
two concentration minimas over the annual period, with the time
between the autumn and spring minimas (early November and
early April, respectively) being slightly shorter than between the
spring and autumn minimas.
The 53-week periodicity that was common to all chemical
parameters, including nitrate, reﬂects the dominance of the

Fig. 3. Spectral density with average and lower 95% conﬁdence limit: (a) daily rainfall, (b) daily average discharge, (c) weekly nitrate, (d) weekly sulfate and (e) weekly
calcium. Period, associated with large sized symbols, indicates signiﬁcance at 95% conﬁdence limit.
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physical, discharge-based periodicity due to catchment ﬂowpath.
Deep ﬂowpaths that dominate during the low ﬂow period in late
summer have relative high concentrations of nitrate and calcium
and low concentrations of sulfate due to a combination of bedrock
sources (calcium and likely nitrate as well) or deep soil sinks
(adsorption of sulfate). However, shallow ﬂowpaths that dominate
during the higher ﬂow period in winter and early spring have lower concentrations of nitrate and calcium and higher concentrations
of sulfate (Mulholland, 2004; Roberts and Mulholland, 2007).
To further understand the relation between hydrologic variables and the water chemistry parameters, exploration using
time–frequency analysis was performed where each frequency
can be examined in the time domain.
Strong seasonality can be seen for nitrate, calcium and sulfate
compared to rainfall and discharge (see Figs. 4b–8b; the regular
interval of signiﬁcant structures generally starts at around
32–64 weeks period). Signiﬁcant structures for nitrate start as
early as 16 weeks (Fig. 6). For calcium and sulfate, signiﬁcant

structures starts at around 32 weeks (Figs. 7 and 8). On comparing
the wavelet spectra for rainfall (Fig. 4) with that for discharge
(Fig. 5) and nitrate (Fig. 6), it is clear that most rainfall frequencies
are present in the signal for each parameter. For example, periods
between 32 weeks to about 512 weeks in the rainfall spectra, speciﬁcally at about 2003–2004 in the horizontal time axis (Fig. 4),
gives rise to a 4–512 weeks structures in discharge (Fig. 5), 10–
512 weeks structures in nitrate (Fig. 7), 16–512 weeks structures
in calcium and sulfate (Figs. 7 and 8). Also, the horizontal time axis
shifts slightly to the right indicating the delay in response time. A
similar shift in both the periods (frequency) axis and time axis at
128–512 week period and 2000–2002 time axis, respectively, can
be observed in the rainfall verses discharge, sulfate and calcium
spectra (Figs. 4, 5, 7 and 8).
Global wavelet spectra show continuous distributions of
periodicity. For example, if we observe the global wavelet spectra
of nitrate (Fig. 6c), periodicities between 12 and 100 weeks are signiﬁcant and the strongest periodicity is the one with the highest

Fig. 4. Daily rainfall: (a) time series, (b) corresponding wavelet spectra, (c) global wavelet spectra. The contour encloses regions of greater than 95% conﬁdence for a white
noise process. The bottom thick line is the ‘‘cone of inﬂuence’’, below which edge effects become important.

Fig. 5. Daily average discharge: (a) time series, (b) corresponding wavelet spectra, (c) global wavelet spectra. The contour encloses regions of greater than 95% conﬁdence for
a white noise process. The bottom thick line is the ‘‘cone of inﬂuence’’, below which edge effect becomes important.
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wavelet power (at about 52 weeks). This is consistent with the result from the spectral analysis showing a 53 week periodicity
(Fig. 3c). Two strong periodicities are seen in the discharge, sulfate
and calcium concentration records corresponding to about
52 weeks and 256 weeks, whereas only one strong periodicity is
seen for nitrate (about 52 weeks). In the spectral analysis for
nitrate, the 53 week periodicity was clearly dominant (Fig. 3c)
which is consistent with the result from wavelet analysis
(Fig. 6c). However, the intermediate periodicities observed in the
spectral analysis (e.g., 18 and 27 weeks for nitrate) are absent in
the global wavelet spectrum. The periodicity corresponding to
about 53 weeks shown in both the wavelet and spectral analyses
suggests an association of water chemistry concentrations to annual high or low ﬂow. This may also indicate that processes by
which discharge and all other parameters show long-term persistence are likely to have common physical phenomena. Although
not studied here, other parameter such as temperature may
also exhibit similar association with the water chemistry
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concentrations. It should be noted that, due to the short length of
data (529 weeks), the periodicities with long periods cannot be relied on and hence are not explained (for example more than
128 week period). Similarly, due to the weekly sampling frequency
of chemistry data, less than 2 week periods cannot be interpreted,
although it may be important to study diel variations.
Comparing the time series and the corresponding wavelet
spectra for rainfall, discharge and the water chemistry parameters
(Figs. 4–8), each of the high values in the time series gave a structure starting at 4 week period in the wavelet power spectra. For
example, the highest rainfall event (see Fig. 4a, at about 2003 on
the horizontal axis) shows persistence up to 16 weeks (see
Fig. 4b; three small signiﬁcant structures at about the same
horizontal axis). The effect of this highest rainfall is also seen in
discharge spectra (Fig. 5). This indicates that even one event,
depending on its magnitude, will be enough to show the
persistence, particularly short-term. The two large structures in
each spectrum (Figs. 4–8), which arise from about 128 weeks and

Fig. 6. Weekly nitrate: (a) time series, (b) corresponding wavelet spectra, (c) global wavelet spectra. The contour encloses regions of greater than 95% conﬁdence for a white
noise process. The bottom thick line is the ‘‘cone of inﬂuence’’, below which edge effects becomes important.

Fig. 7. Weekly sulfate: (a) time series, (b) corresponding wavelet spectra, (c) global wavelet spectra. The contour encloses regions of greater than 95% conﬁdence for a white
noise process. The bottom thick line is the ‘‘cone of inﬂuence’’, below which edge effects becomes important.
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go up to 512 weeks, may be the result of any large event long
before the sampling period or the combination of events within
any time period. It is left to future research to determine whether
these types of unique structures are watershed-speciﬁc or not. If

they are watershed-speciﬁc, it will be very useful to observe the
comparative response of different watersheds looking for similar
wavelet structures. If they are due to past events, this may be evidence of the effect of climate or some other long-term change.

Fig. 8. Weekly calcium: (a) time series, (b) corresponding wavelet spectra, (c) global wavelet spectra. The contour encloses regions of greater than 95% conﬁdence for a white
noise process. The bottom thick line is the ‘‘cone of inﬂuence’’, below which edge effects becomes important.

Fig. 9. Conceptual model of Walker Branch Watershed with hydrologic and water chemistry periodicities (modiﬁed from Mulholland (1993)).
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Since the frequency of the long-term structures (about 400 weeks,
i.e. 7.6 years) is similar to low frequency climate variability such as
El Nino Southern Oscillation (3–9 years frequency), it is reasonable
to assume that there is some link between these phenomena.
Although, with this analysis, it was not possible to identify the
underlying cause of those structures, it may still be very useful
to observe the comparative response of different watersheds.
Future research using cross wavelet analysis would provide further
information on the dependency and correlation of water chemistry
parameters and hydrologic variables.
5. Relationship to the Walker Branch conceptual hydrology
model
The established Walker Branch conceptual model for the various hydrologic ﬂow paths includes rapid transport of stormwater
through shallow macropores in the clay-rich vadose zone driven
by the development of zones of perched saturation, deep ﬂow
through a highly conductive saturated zone above bed rock and
ﬂow through bedrock fractures and cavities (Mulholland, 1993).
This conceptual model was compared to the time series analysis
of all parameters.
The spectral and wavelet techniques showed similar patterns
regarding the hydrologic and water chemistry time series collected
at the Walker Branch site. Periodicities identiﬁed in the spectral
analyses and structures resolved in wavelet analyses can be related
to ﬂowpath lengths and reactive biogeochemical processes within
the stream and watershed as identiﬁed in previous studies at this
site. Mulholland (1993) proposed a conceptual model with three
dominant hydrologic pathways contributing streamﬂow within
the Walker Branch Watershed. Fig. 9 shows this conceptual model
with the temporal periodicities or structures most likely associated
with each hydrologic ﬂow zone as indicated by the analyses
presented here. The vadose zone, including macropores and shallow fractured clay lenses, is responsible for much of the rapid
storm ﬂow (with a chemical signature of low calcium and high sulfate concentrations). In general, the structures less than about a
20 week period (y-axis) as seen in Figs. 5–8 are not regular through
the entire data record (x-axis). Hence it is reasonable to propose
that the shallow zone ﬂowpath results in periodicities or structures
in the range of 20 weeks or shorter. In general, structures with
more than about a 20 week period as seen in Figs. 5–8 are
constantly present throughout the entire data record. This may
be related to the existence of two relatively permanent and deep
ﬂowpaths, the saturated zone just above bedrock and the bedrock
zone with its karstic features (Mulholland, 1993). The ﬂowpath
involving the permanent saturated zone above bedrock has been
shown to inﬂuence streamﬂow generation during both baseﬂow
and storm events, and the periodicities or the structures associated
with this zone are likely between 20 and 50 weeks. Deep ﬂow in
the fractured bedrock system is less inﬂuenced by short-term
precipitation events but is a steady source for baseﬂow (high
calcium and low sulfate concentrations (Mulholland, 1993)).
In general, the inﬂuence of deep bedrock ﬂows can be seen in
periodicities or structures greater than 50 weeks.
6. Conclusions
Time domain (autoregressive moving average and wavelet) and
frequency domain (spectral and wavelet) analyses were performed
for time series data on water chemistry (nitrate, sulfate and
calcium concentrations) as well as the hydrologic variables (rainfall and discharge) to characterize their persistence correlation.
The variables showed short-term as well as long-term persistence.
The Walker Branch conceptual hydrology model is augmented by
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these results that show characteristic periodicities for ﬂowpath
lengths in the vadose zone (<20 week period), saturated zone
(20–50 week period) and bedrock zone (>50 week period) with
implications for reactive chemistries within the watershed. Future
research using longer datasets and other watersheds would
provide further information to study the effect of different hydrologic ﬂowpaths on persistence and to develop a watershed
response model considering different biological and geochemical
processes.
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