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Abstract The dynamics and behaviors of streamwater chem-
istry are rarely documented for subtropical small mountainous
rivers. A 1-year detailed time series of streamwater chemistry,
using non-typhoon and typhoon samples, was monitored in
two watersheds, with and without cultivation, in central Tai-
wan. Rainwater, soil leachate, and well water were supple-
mented to explain the streamwater chemistry. The concentra-
tions of fluoride, chloride, sulfate, magnesium, potassium,
calcium, strontium, silicon, and barium of all the water sam-
ples were measured. Principal component analysis and resid-
ual analysis were applied to examine the mechanisms of solute
transport and investigate possible sources contributing to the
streamwater chemistry. In addition to the influence of well
water and soil leachate on streamwater chemistry during
non-typhoon period, overland flow and surface erosion affect
streamwater chemistry during the typhoon period. The latter
has not been discussed in previous studies. Surface erosion is
likely to be an end member and non-conservatively mixed
with other end members, resulting in a previously unobserved
blank zone in the mixing space. This has a particularly great
impact on small mountainous watersheds, which suffer from
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rapid erosion. Moreover, fertilizer contaminates agricultural
soil, making soil water end members more identifiable. To
our knowledge, this study is the first to clearly illustrate the
dynamics and sources of streamwater chemistry of small
mountainous rivers that are analogous to rivers in Oceania.
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Introduction

Catchment systems are hydrologically complex and have var-
ied flow pathways, which contribute to the stream discharge
under different hydrological conditions and control
streamwater chemistry (Christophersen et al. 1990;
Christophersen and Hooper 1992; Burns et al. 2001;
Katsuyama et al. 2001; Chaves et al. 2008; Barthold et al.
2011). Mixing models of surface water chemistry is a useful
method of examining how different sources and mechanisms
control the export of nutrients and chemicals at the watershed
scale, improving our understanding of ecosystem functionali-
ty (Tsai et al. 2009; Chang et al. 2013), chemical weathering
(Anderson and Dietrich 2001; Anderson et al. 2002; Calmels
et al. 2011), hydrological processes (Ali et al. 2010; Barthold
etal. 2010; Inamdar et al. 2013), instream biological processes
(Mulholland and Hill 1997), and even the structure of hydro-
logical models (Hooper et al. 1990).

Hooper et al. (1990) first developed end member mixing
analysis (EMMA), which is a common tool used to investigate
and understand runoff sources and their contributions to
streamwater based on the assumption of conservative mixing,
when the necessary information on end members is available
(Christophersen and Hooper 1992; Barthold et al. 2010).
Hooper (2003) further developed diagnostic tools that include
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two procedures: principal component analysis (PCA) follow-
ed by residual analysis, to determine the approximate rank of
the dataset and to assess the lack of fit to the data. This permits
identification of processes that violate the assumptions of the
mixing model and can suggest the dominant processes con-
trolling streamwater chemical variation without the explicit
identification of end members. However, such applications
have mostly been applied to small catchments (<100 ha),
where the influence of landscape heterogeneity and catchment
complexity is very small, in the temperate and tropical zone
(Acufia and Dahm 2007; Frohlich et al. 2008; Elsenbeer et al.
1995; Hooper 2003; James and Roulet 2006; Chaves et al.
2008; Katsuyama et al. 2009). Few studies have focused on
small subtropical mountainous rivers, where river behaviors
are characterized by episodic events and high water (Kao and
Milliman 2008; Lee et al. 2013; Milliman and Farnsworth
2013).

Taiwan is a subtropical mountainous island with a maxi-
mum elevation of approximately 4000 m above sea level and
70 % of its area is above 100 m above sea level. Taiwan
experiences three to five typhoons per year and the island-
wide annual rainfall is approximately 2400 mm, which is over
three times the global average (Legates 1995). Located at the
collision boundary of the Philippine Sea Plate and the Eur-
asian Plate, Taiwan has uplift rates of 2-10 mm year ' (Liu
and Yu 1990). Taiwan has the highest physical denudation rate
and the highest chemical weathering rate in the world (You
et al. 1988; Li et al. 1997; Dadson et al. 2003; Milliman and
Farnsworth 2013). This is largely caused by the abundant
rainfall (as a carrier) and fragile geology (as a supplier). Tai-
wanese rivers have been taken as a case study for rivers in
Oceania where it is difficult to implement comprehensive
investigation.

In this study, streamwater chemistry was monitored in two
mesoscale headwater catchments for an entire year. The geo-
graphical and geological features in our study sites are dis-
tinctly different from other documented catchments to which
EMMA or diagnostic tools have been applied. The concentra-
tions of nine selected solutes, including fluoride (F), chloride
(Cl), sulfate (SO,), magnesium (Mg), potassium (K), calcium
(Ca), strontium (Sr), silicon (Si), and barium (Ba), were mea-
sured. The selected catchments were monitored at a 3-day
interval for a year and were supplemented by typhoon sam-
pling at 3-h intervals. We implement the Hooper (2003) diag-
nostic tools because they use only the streamwater chemistry
and do not require an explicit identification of end members.
These tools represent one of the best choices to understand the
mechanisms and the sources of solute transport in small
mountainous rivers. To our knowledge, our study is the first
to apply these diagnostic tools to subtropical mountainous
rivers in mesoscale catchments. The objectives of this study
are as follows: (1) to investigate the responses of the nine
selected solute concentrations to stream discharge, (2) to apply
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the diagnostic tool on streamwater chemistry to explore the
number of end members, and (3) to reveal the mechanisms of
catchment solute transport to small mountainous rivers. This
type of investigation is useful for identifying the spatial and
temporal regimes of specific biogeochemical variation and
sensitivity (Salmon et al. 2001).

Study site

The Chichiawan watershed located in central Taiwan has a
drainage area of 105 km?” and an elevation of 11313882 m
above sea level. In 2007-2008, the mean daily air temperature
was 13.5 °C with an average of 8.9 °C in January and 17.7 °C
in July. The annual runoft is approximately 3300 mm, approx-
imately 75 % of which occurs in the wet season (May—Octo-
ber), primarily during the typhoon periods. The remaining
months (November—April, dry season) occupy the other
25 % (Lee et al. 2013). This watershed consists of three major
tributaries (Fig. 1), namely Gaoshan Creek (area=21 km?),
Yikawan Creek (area=53 km?), and Yusheng Creek (arca=
31 km?), the three of which are the only habitat of Formosan
landlocked salmon (Oncorhynchus masou formosanus) (Tung
et al. 2006; Lee et al. 2012). In this study, the high-frequency
water sampling sites were selected in Gaoshan Creek, as a
model of a pristine watershed (0 % cultivated land), and in
Yusheng Creek, as a model of a cultivated watershed (8.9 %
cultivated land).

Two hydrological gauges monitored the water level, one
for Yusheng Creek and one for the entire Chichiawan water-
shed (all three creeks). Consecutive water fluctuations were
converted into an hourly water discharge rate using a rating
curve of water discharge against water level (Herschy 1998).
In 2007, the Taiwan Power Company calibrated the rating
curves four times at the two gauges. Each rating curve
contained a maximum of 15 measurements, ensuring reliable
estimation when hourly discharges are smaller than 717 and
233m’ s ' for Chichiawan Creek and Yusheng Creek, respec-
tively. The discharge for Yusheng Creek was subtracted from
the discharge rate at the downstream gauge (entire
Chichiawan) to give the discharge for Yikawan Creek. The
discharge rate for the pristine watershed was derived from
the area ratio of the Gaoshan Creek watershed to the Yikawan
Creek watershed (Huang et al. 2012; Lee et al. 2013). In
2007-2008, the average daily discharge rate for the
Chichiawan and Yusheng creeks was 7.94 and 2.41 m® s ',
respectively. During the wet season, the average daily dis-
charge rates for the Chichiawan and Yusheng creeks were
11.80 and 4.07 m® s ™', respectively.

The study watersheds represent the typical landscape in the
mountainous regions of Taiwan, where some of the residents
earn their living by growing vegetables and fruits along the
riparian zone. The land use pattern is shown in Fig. 1. Natural
forest, mixed forest, and secondary forest are the main land
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Fig. 1 Land use map of the study watershed. Streamwater samples were
taken at the outlets of Gaoshan Creek and Yusheng Creek (black dots),
which represent pristine and cultivated watersheds, respectively. Flow

use types, and grass, bare land, orchard, active farm, and in-
active farms are secondary land use types. To rehabilitate
landlocked salmon, the cultivated farms along Yusheng Creek
were expropriated by the government in 2005. The expropri-
ated vegetable farms were categorized as inactive farms in this
study. Conversely, currently operating farms, which produce
mainly cabbage, are designated as active farms (Huang et al.
2012). Farmers usually apply ammonium sulfate and urea to
support cabbage growth (Lee et al. 2013). Lime is always used
to neutralize the acidity of the farm soil (Lin et al. 2004).

Materials and methods
Water sampling and chemistry

In non-typhoon conditions, streamwater samples from the two
sites were collected twice per week and analyzed during 2007.
In addition to the non-typhoon samples, two typhoons in
2007, Sepat (typhoon I, 16-19 August) and Krosa (typhoon
11, 4-7 October), were sampled intensively at 3-h intervals for
72-87 h. Depth-integrated water samples were obtained using
a vertically mounted 1-L bottle attached to a weighted metal
frame that was gradually lowered from the bridge and appli-
cable during typhoon period (Kao and Milliman 2008).

gauge locations are given by red circles. Well samples taken from the
pristine watershed and soil samples from forest and farm land are
indicated by cross symbols

A well-trained local team conducted the non-typhoon sam-
pling, and our research crews commenced the typhoon sam-
pling shortly after the local typhoon warning system was ac-
tivated. For non-typhoon sampling, water samples were im-
mediately filtered through GF/F filters (0.7 pm) stream side
and the filtrate was temporarily stored in a cooler with ice. The
filtrate, approximately 15 mL, was then stored at 4 °C in a
refrigerator and shipped by refrigerated container every month
to the Academia Sinica for water chemistry analysis. The
same procedures were conducted for typhoon samples but
the filtrate was analyzed immediately after sampling. F and
ClI were determined by ion chromatography (IC) using ICS-
1500 instrument (Dionex, USA) with a detection limit of
0.01 mg L. S04, Mg, K, Ca, Sr, Si, and Ba were determined
by inductively coupled plasma—optical emission spectrometry
(ICP-OES) using Optima 2100DV instrument (Perkin Elmer,
USA) with a detection limit of 0.01 mg L™". For the typhoon
samples, the remaining material on the filter was dried and
weighed, and then the mass was divided by the volume of
the filtered water sample to give the total suspended matter
(TSM) in milligrams per liter.

Typhoon rain, soil, and well samples

In addition to the streamwater samples, we also considered
some independently sampled end members, which should
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represent the sources of the streamwater. However, it should
be noted that only the typhoon rain samples taken during the
study period may potentially contribute to the observed
streamwater chemistry. Other end members were sampled
once in April 2011 and simply used as supplementary infor-
mation when discussing the changes of streamwater chemis-
try. Rain samples were collected during Typhoon Sepat
(Raingyppeon) and Typhoon Krosa (Rainypneoni). They were
collected every 3 h (in between every two streamwater sam-
ples) from the rainwater collector (Fig. 1). The collector was
emptied before the next collection. Soil samples were collect-
ed as intact as possible using a sediment core of 10 cm (diam-
eter)x 12 cm (height). Two soil samples were taken, one from
an inactive farm in the cultivated watershed (Soilg,,,) and the
other from the forest of the adjacent watershed (Soilgyes)
(Fig. 1). The soil columns were then leached with ultrapure
Milli-Q water (resistivity of 18.2 MQ2-cm at 25 °C). Leaching
processes were implemented for each soil column at four sep-
arate times. At each time, 50 mm in depth of Milli-Q water
evenly infiltrated through the soil column and the leachate was
collected below the sediment core until the soil column
stopped leaching. The concentrations of dissolved solutes of
each leachate were separately analyzed. Well water
(Well,rigine) Was retrieved from a well (15 m in depth) located
near the outlet of the pristine watershed. Soilg,y,, S0ilgres, and
Well,sisiine Were snapshots, representing their chemistry at the
specific sampling time. The geochemical signatures of these
potential end members were analyzed, including F, Cl, SOy,
Mg, K, Ca, Sr, Si, and Ba.

Determining the number of end members

To determine the number of end members, PCA was first
applied to the streamwater time series at the catchment outlet.
PCA is a common technique used to explore and describe the
variability of a multivariate dataset and is generally used in
problems where the variation in a set of many correlated var-
iables needs to be described by a new set of a few uncorrelated
variables. This new set of variables, also called the principal
components (PCs), is sorted in decreasing order of impor-
tance, that is, by the amount of variation that each component
explains. The general goal of PCA is to identify a small num-
ber of PCs that can explain a substantial portion of the varia-
tion of the original variables, resulting in a lower dimensional
space that explains most of the variation. The decision of how
many components to retain remains subjective and is influ-
enced by the number of input variables. The purpose of ap-
plying PCA to streamwater chemistry is to find a lower di-
mensional space, the U space, in which adequately describes
the variability of streamwater chemistry. The dimensionality
ofthe U space is determined by the number of eigenvectors, or
PCs, that are retained from the PCA. These were determined
using the “Rule of One,” where each additional eigenvector
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retained should explain at least 1/(number of solutes) of vari-
ance, i.e., eigenvalue >1, in the stream chemistry (Joreskog
et al. 1976). The number of PCs plus one represents the num-
ber of end members that are needed to describe the system
(Christophersen and Hooper 1992; Barthold et al. 2010).

Because the maximum amount of variation in the data that
can be explained is limited to that explained by the PCs
retained, Hooper (2003) developed a diagnostic tool to assess
the lack of fit of the data and to determine the approximate
rank of the PCs. The diagnostic tool calculates the residual
between the original and the projected variables. The
projected variables are iteratively derived from the first PC,
the first two PCs, and so on, until all the PCs are included. A
random pattern of the residuals against the observed solute
concentrations indicates a well-defined mixing space. Struc-
ture in the residuals indicates lack of fit in the mixing sub-
space, showing a non-conservative behavior of solutes or
greater dimensionality (i.e., missing an end member). Curva-
ture in the residuals can indicate chemical reactions or variable
end member concentrations under some circumstances. The
dimensionality of the system is then determined by the
smallest dimension possible such that the residuals exhibit
no structure when plotted against the observed concentrations
(Hooper 2003; Barthold et al. 2010).

Bivariate solute—solute plots are usually used in advance
before the application of PCA to remove those solutes that
exhibit non-conservative behavior. The assumption is that
streamwater chemistry is controlled by physical mixing and
not by equilibrium chemistry (Christophersen and Hooper
1992; Hooper, 2003). A solute is assumed to be conservative
when it exhibits at least one linear trend with one other solute.
However, it is noteworthy that linear trends in solute—solute
plots do not necessarily confirm conservative mixing (Hooper
2003; James and Roulet 2006). Because the non-conservative
behavior of solutes can be indicated by the residual analysis,
examination of bivariate solute—solute plots is not undertaken
in this study to avoid the loss of information from removing
solutes from the streamwater dataset.

Results
Fluctuation of discharge

The hydrographs of the two watersheds during the sampling
period are illustrated in Fig. 2, showing the typical discharge
pattern for Taiwan, i.e., higher discharge in the wet season
(May—October) and lower discharge in other months (Kao
and Milliman 2008). The dates of the two typhoon events,
during which water samples were taken, are highlighted. Al-
though these two gauges represent two neighborhood water-
sheds, the discharge patterns are different, indicating a shift in
the baseflow. For the pristine watershed (Fig. 2a), the
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Fig.2 Hydrograph of the a pristine and b cultivated watersheds. Arrows indicate the two typhoon events during which streamwater samples were taken

discharge varied from approximately 0.4 to 80 m® s with a
shift in the minimum discharge taking place around May. Af-
ter May, the discharge remained higher than 0.6 m® s™'. For
the cultivated watershed (Fig. 2b), the discharge was essen-
tially similar to that of the pristine watershed in the beginning
of 2007. However, the minimum discharge dropped to ap-
proximately 0.2 m® s™' after February and remained at this
level until the typhoon on August 18th. After this point, the
minimum discharge increased to around 0.6 m® s™'. During

the two sampled typhoons, the discharge exceeded 90 m® s,

Response of geochemical signatures to discharge

The relationships between geochemical concentrations and
discharge (C—Q) for the nine solutes at the two watersheds
are illustrated in Fig. 3. Clearly, higher concentrations were
found in the streamwater of the cultivated watershed com-
pared with those in the pristine watershed for Cl, SO4, Mg,
K, and Ca for typhoon and non-typhoon samples. F, Sr, Si, and
Ba showed only subtle differences between the two water-
sheds, regardless of when the samples were taken. The basic
statistics of the nine solute concentrations are shown in
Table 1. The solute concentrations for the independently sam-
pled end members, including the mean of Raingyppeon, first
leachate of Soilyy and Soilgores, and Wellyyigine, are also il-
lustrated in Fig. 3 as references. The detailed measurements of
the end members are shown in Table 2 and Fig. 4.

The C—Q relationships for SO4, Mg, Ca, and Sr concentra-
tions showed a decrease with increasing discharge, suggesting
a dilution pattern as found in other watersheds in Taiwan (Lee
et al. 2009; Tsai et al. 2009; Calmels et al. 2011). The C-Q
relationship of K also showed a dilution pattern but only in the
cultivated watershed. Si concentrations in the typhoon sam-
ples were also diluted, while the non-typhoon concentrations
were scattered at an approximately similar level. Some of the
solute concentrations such as F, Cl, and Ba in both study

watersheds and K in the pristine watershed were enhanced
by the discharge in the typhoon samples. During non-
typhoon periods, F and Cl showed unclear C—Q relationships
though relatively higher concentrations were measured at low
discharges. In summary, similarities are found in the responses
of any monitored solutes (except K) to the discharge in both of
the study watersheds, although the magnitudes of these con-
centration fluctuations were different. Samples of K from the
pristine watershed were slightly diluted during non-typhoon
periods and enhanced during typhoon periods, in contrast to
the samples from the cultivated watershed that revealed a con-
sistent dilution pattern. Most of the measured dissolved geo-
chemical solutes are very sensitive to discharge changes. Di-
lution and enhancement are related to the supply of geochem-
ical sources and thus also to the dynamics of geochemical
sources (Salmon et al. 2001).

Signatures of the sampled end members

The geochemical signatures of the sampled end members are
shown in Table 2. Although these independently sampled end
members do not comprehensively include all the potential end
members, these sampled end members may still provide use-
ful information about the mixing of the streamwater. The sol-
ute concentrations from the two periods of typhoon rainfall
were much lower than the boundary of both the cultivated and
pristine streamwater samples, with the exception of F and Cl
(Fig. 4). We presume that the typhoon rainfall, collected in
between our two study watersheds (Fig. 1), could be one of
the potential end members for the streamwater chemistry in
both of the watersheds.

For the leachate derived from the soil in the forest, F, CI,
SOy, K, Ca, and Si concentrations clearly decreased after the
first leaching process and remained at a similar level during
the second to fourth leaching processes (Table 2). Other sol-
utes’ concentrations, such as those of Mg, Sr, and Ba, do not
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Fig. 3 Responses of streamwater chemistry to the runoff in the pristine
and cultivated watersheds. Nine solutes were measured [fluoride (F),
chloride (Cl), sulfate (SO,4), magnesium (Mg), potassium (K), calcium
(Ca), strontium (Sr), silicon (Si), and barium (Ba)]. The pristine and
cultivated data are represented by blue and red circles, respectively.
Filled and empty circles stand for non-typhoon and typhoon samples,

indicate notable concentration changes, even between the first
and second leachate. Because more than 90 % of the pristine
and cultivated watershed areas are forested, the leachate de-
rived in the forest soil could be one of the potential end mem-
bers in both of the watersheds. The solute concentrations dur-
ing the leaching processes imply that the leachate in the forest
soil might represent the lower boundary of the streamwater
chemistry mixing (except F, Cl, and K, see Fig. 4).

For Soilg,,, the solute concentrations are generally higher
than those derived in Soilg,es (Fig. 4). Moreover, the ranges of
leachate concentration in the farm soil are wider, revealing that
the leaching process clearly changes leachate concentrations.
All of the solute concentrations during the leaching process
show a consistent decreasing trend (although Mg and Ca
concentrations increase slightly in the second leachate, see
Table 2). Because Soilg,,,, was taken in the cultivated
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respectively. Cross symbols represent the chemistry of the
independently sampled end members, including Well,yistines SOilgorests
Raingypnoon (blue crosses in the panel of Mg against runoff), and Soilgy,
(red cross). Their relative locations are similar in each panel. For the soil
water, only the first leachate is illustrated. For the typhoon rainwater, the
mean value of the two typhoon events is illustrated

watershed, only the streamwater chemistry in the cultivated
watershed is compared with the leachate chemistry of Soilg,.
The concentrations of SO,4, Mg, K, Sr, and Ba illustrate the
lower mixing boundary of the cultivated streamwater chemis-
try. Conversely, Ca and Si concentrations represent the upper
boundary. F and Cl concentrations in Soilg,,,, leachate are with-
in the ranges of those observed in cultivated streamwater.

The well water sampled close to the outlet of the pristine
watershed represented the groundwater end member in the
pristine watershed. With the exception of the SO, and Mg
concentrations in the well water, most solute concentrations
were within the observed ranges of the pristine streamwater.
Concentrations of CI, K, and Ca in the well water indicated a
stable source of relatively high solute concentrations. F and Si
concentrations in the well water are relatively low compared
with the pristine streamwater chemistry.
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Tablel Mean and standard deviation of the observed streamwater chemistry for all samples (non-typhoon and typhoon samples) in the cultivated and

pristine watersheds. Nine solutes were measured

Cultivated Pristine

All data Non-typhoon Typhoon All data Non-typhoon Typhoon

Ave Std Ave Std Ave Std Ave Std Ave Std Ave Std
F (ppm) 0.12 0.04 0.11 0.03 0.15 0.05 0.09 0.03 0.09 0.03 0.10 0.03
Cl (ppm) 1.77 0.51 1.78 0.54 1.76 0.42 0.28 0.22 0.22 0.19 0.42 0.23
SOy (ppm) 32.41 12.63 39.10 7.93 16.76 5.85 23.69 7.54 27.71 4.19 14.05 4.36
Mg (ppm) 11.51 3.45 13.38 1.77 7.13 222 5.49 1.40 6.25 0.58 3.66 1.08
K (ppm) 1.98 0.51 2.19 0.40 1.47 0.35 0.40 0.11 0.40 0.09 0.43 0.14
Ca (ppm) 25.23 6.20 28.67 2.44 17.17 4.63 20.49 4.87 22.81 3.08 14.92 3.72
Sr (ppm) 0.15 0.05 0.18 0.03 0.08 0.03 0.14 0.05 0.17 0.03 0.08 0.03
SiOy4 (ppm) 4.00 0.57 4.03 0.54 393 0.64 4.04 0.70 4.16 0.64 3.73 0.74
Ba (ppm) 0.13 0.20 0.03 0.02 0.36 0.22 0.07 0.10 0.02 0.02 0.17 0.14

Mixing space dimensionality

We estimated the dimensionality of the streamwater chemistry
recorded at each watershed using the nine solutes and applied
the Rule of One, which retains eigenvectors explaining 1/9th
(11 %) of the variance in streamwater solute concentrations.
For the cultivated watershed, this results in two PCs, where
three contributing end members account for a total of 79.5 %
of the variance (Table 3). For the pristine watershed, four end
members are needed to describe the system and three PCs
explain a total of 79.4 % of the variance. In the cultivated
watershed, the first PC is mainly explained by seven of the
nine solutes, excluding Cl and Si which explain the second
PC. In the first PC, SO4, Mg, K, Ca, and Sr have positive
signs; whereas, F and Ba have negative signs. In the second
PC, opposite signs were derived for CI (positive) and Si

(negative), which supports their opposite C—Q relationships
(Fig. 3). In the pristine watershed, the first PC is explained
by SO4, Mg, Ca, Sr (with positive signs), and Ba (with a
negative sign). F and K have a similar C—Q relationship and
explain the second PC, and Cl and Si explain the third PC.
The observed solute concentrations were then projected
onto the U space which is composed of new nine variables
in the orthogonal coordinates (U1-U9). By the definition of
orthogonality, each of these new variables will be uncorrelated
with one another, and their variance is equal to the correspond-
ing eigenvalue (Christophersen and Hooper 1992). Figure 5a
illustrates the 2-D mixing space composed of Ul and U2
where the two new variables explain a total of 79.5 % of the
variance in the streamwater solute concentration of the culti-
vated watershed. Note that the streamwater samples represent-
ed in the figure were taken under different circumstances. The

Table 2 Solute concentrations of the independently sampled end members, including rainwater from the two typhoon events (Rainypnoonr and
Rainyphoon), leachates of the farm (Soilgyy,) and forest soil (Soilgyres), and well water from the pristine watershed (Wellpyisgine)

Soil leachate in the farm of the Well water in the pristine  Soil leachate in the forest (Soilgyres) Rain (Raingyphoon)

cultivated watershed (Soilg,) watershed (Well,sistine)

1st 2nd 3rd 4th
leachate leachate leachate leachate

Ist 2nd 3rd 4th Typhoon I Typhoon 1T
leachate leachate leachate leachate

F(pm) 015 006 006 006 007
Clppm) 211 090 024 0.3 066
SO, (ppm) 12.13 575 207 162 5133
Mg (ppm) 2.88 3.7 243 204 820
K@pm) 105 083 058 050 048
Ca(ppm) 3446 3733 2734 2371 2622
Sr(ppm) 006 006 005 004  0.16
Si(ppm) 508 443 339 309 338
Ba(ppm) 005 002 001 002  0.03

0.12 0.04 0.04 0.02 0.036+0.031 0.033+0.045
1.06 0.59 0.58 0.44 0.12+0.112  0.303+0.705
1.13 0.60 0.65 0.71 0.071£0.044 0.091+0.163
0.13 0.12 0.15 0.15 0.002+£0.006 0.073+0.212
0.43 0.27 0.32 0.33 0.024+0.028 0.003+0.008
0.80 0.61 0.74 0.77 0.052+0.057 0.012+0.028

0.01 0.01 0.01 0.01 n.a. n.a.
0.83 0.53 0.52 0.51 n.a. n.a.
0.05 0.05 0.04 0.04 n.a. n.a.

n.a. the solute concentration in the water sample is below the detection limit
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Fig. 4 Ranges of sampled water chemistry, including streamwater in the
cultivated watershed (Streamwater . ivateq) and pristine watershed
(Streamwatery isiine), rainwater from the two typhoon events

projected values in the U space illustrate a V-shaped distribu-
tion, reflecting the temporal and hydrological variations of the
samples. The shown distribution, around U1=0, roughly sep-
arates the typhoon (U1 <0) and non-typhoon samples (U1 >0)
(Fig. 5a). After the first typhoon, non-typhoon samples lie on
pink circles while the hydrograph shifts during Aug 18th—Nov
(Fig. 2b). Samples taken in December (brown circles in
Fig. 5a) move toward those taken in the beginning of the year
(green circles). Figure 5b shows a pattern indicating that the
discharge increases with a decreasing Ul value. To clearly
reveal the discharge changes, the logarithm of discharge is
shown (Fig. 5b). Green, pink, and blue/light blue circles

@ Springer

(Raingyphoont and Raingppoonn), leachates from the farm (Soilg,m,) and
forest soil (Soilges), and well water taken in the pristine watershed

(Wellpristinc)

shown in Fig. 5a correspond to low, middle, and high dis-
charge, respectively. An arbitrary and virtual mixing triangle
could be applied onto Fig. 5a, and the vertices of the V shape
could represent three unknown end members. For a
streamwater observation to be explained as a convex combi-
nation of end members, it is a necessary condition that the end
members exist in U space and the observations are bound in
the convex sense (Christophersen and Hooper 1992). Howev-
er, residual analysis shows the residuals derived from two-
dimensional mixing space, namely Ul and U2, still have lin-
ear structures, which is particularly apparent for F and Si
(Fig. 6). After applying the third dimension (U3), the residuals
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Table 3  Principal components and the eigenvectors derived from principal component analysis

Cultivated Pristine Cultivated+pristine
1st 2nd 3rd Ist 2nd 3rd 4th Ist 2nd 3rd
Principal components
Eigenvalue 5.57 1.58 0.82 495 1.16 1.03 0.79 4.58 242 0.94
Variance explained (%) 61.9 17.6 9.1 55.0 12.9 11.5 8.76 50.9 26.9 10.5
Cumulative variance explained (%)  61.9 79.5 88.6 55.0 67.9 79.4 88.2 50.9 77.8 88.3
Eigenvector
F -0.237 0331 0.587 -0.173  0.590 0.294 -0380 0.029 0537 0.048
Cl 0.086 0.676 0.268 -0.256  0.108 0.628 -0.065 0259 0662 0.001
SO, 0.388 0.142 0.079 0.409 0.187 0.007 -0283 0871 0.002 0.016
Mg 0414 0.058 0.084 0.435 0.095 0.139 -0.110  0.883  0.087  0.000
K 0.378 0.184 -0.050 -0.070  0.716 -0234 0.614 0.552 0351 0.000
Ca 0.408 -0.083  0.173 0.407 0.054 0.293 0.081 0.902  0.023  0.023
Sr 0.398 0.050 0.043 0.406 0.209 -0.016 -0.192 0659 0.154 0.018
Si 0.049 -0.560 0.718 0.236 -0.189  0.535 0.577 0.046  0.129 0815
Ba -0.380 0229 0.142 -0.396  0.001 0.271 -0.081 0383 0474 0.023

The italic numbers indicate significant variable in each PC

of Si exhibit no structure when plotted against observed Si
concentration; that is, the residuals appear to be random noise.
However, the residuals of F do not exhibit random noise until
the application of the fourth dimension. In addition, the resid-
uals of Ba show a linear structure, particularly for the typhoon
samples. The magnitude of the residuals for Ba is reduced after
adding the fifth dimension although the structure of residuals
remains. In this case, four dimensions are indicated by this

analysis (Hooper 2003). This indicates that the variability of
streamwater chemistry should be attributed to at least five end
members, which is inconsistent with the Rule of One. Never-
theless, the residuals of Sr for the typhoon samples do not
exhibit random pattern until the fifth dimension is added.
Figure 7a illustrates the 2-D mixing space for the pristine
watershed. Although a V-shaped distribution is similar to the
cultivated case, the projected values are relatively scattered.

(a) (b) Discharge
4 4
Samples taken during Jan-Aug 1sth
- ° (before the first typhoon on Aug 18“‘) -
& Il
2 — o ° S 24
SolENIC .""‘.
N [ F) OO Typhoon-Ii 0 oGS0 T
N Rai o o J
typhoon-i ° *» 1174 )
e 0% 0 —
0 " o g o© #e y
. /r o O O .'Samples taken
Rain, ;000 Typhoon-1 ® o% Al ®%in Dec 4
() (]
° o (8 v‘ o'
-2 — o® \ 2 -
(O L] ‘ Samples taken[during
Aug 15th- Nov
Soil,,,,, e i
° @)
-4 T T T T T -4 ! | ! | !
8 4 -8 -4 0 4
u1 u1

Fig. 5 a 2-D mixing space composed of the first two principal
components (Ul and U2) derived from the implementation of PCA on
the streamwater chemistry in the cultivated watershed. The discharge
amount on the sampling day is illustrated in b where the size of the
circle indicates the logarithm of the discharge. Green dots in a represent
samples taken during Jan to Aug 15th. Pink and brown dots represent
samples taken from Aug 15th to Nov and in Dec, respectively. Blue dots

and light blue circles represent the samples from the typhoon I and
typhoon II, respectively. The independently sampled end members for
the cultivated watershed are indicated by symbols as follows: Soilgym
(triangle), Soilgyes; (triangle), and Raingppeon (cross). The arrow beside
Soilgorest and Soilg,,, samples represents the changing direction in the
leaching experiment
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Because use of two PCs could only explain a total o 67.9 % of
the variance in the streamwater chemistry of the pristine wa-
tershed, U3 is suggested according to the Rule of One. How-
ever, three virtual end members placed around the vertices of
the V-shape could essentially describe the system. Non-
typhoon and typhoon samples are classified into two groups
at approximately Ul=—1. Typhoon samples are located on the
side of U1 <—1. The typhoon samples are more scattered in the
U space than the cultivated watershed samples. Figure 7b, like
Fig. 5b for the cultivated watershed, illustrates a changing
discharge pattern along the Ul axis. Although the projected
values are relatively scattered (Fig. 7a, compared with
Fig. 5a), the locations of the projected values in the 2-D
mixing space reflect the discharge amount at the sampling
time. In addition to the scatter in the 2-D mixing space of
the pristine watershed (Fig. 7a), non-typhoon samples are
scattered along approximately Ul=1, unlike the cultivated
watershed (Fig. 5a) where non-typhoon samples are distribut-
ed along a diagonal line controlled by the first PC (Table 3).
The results of residual analysis are shown in Fig. 8. Three
dimensions, according to the Rule of One, cannot explain
the variability of streamwater chemistry in the pristine water-
shed because the residuals of F, SO,4, Ca, Si, and Ba do not
show random patterns. At least five dimensions (six end mem-
bers) are needed to describe the variability of streamwater
chemistry in the pristine watershed. However, the residuals
of Ca and Ba still have curvature and linear structure, even
in the five-dimensional mixing space.

The independently sampled end members for the cultivated
watershed, namely Rainypnoon, SOilgorests and Soilgym, are also
projected onto the 2-D mixing space as shown in Fig. 5a.
These end members are located outside of the virtual mixing
triangle. Rainypnoont, RaiNyphoonts and Soilgores; are located
near the vertex when the discharge rate is high, and the Soilg,,
is located where discharge rates are intermediate. The leaching
process leads Soilgyes and Soilg,,, to move toward larger and
smaller U1, respectively. We also projected Raingyphoons
Soilgorest, and Wellyiiine onto the 2-D mixing space for the
pristine watershed (Fig. 7a). The Rainyphoont, Rainyphoonis,
and Soilgy,es; show similar locations to Fig. 5a which are near
the high discharge region. Conversely, the Well,;ginc is locat-
ed in the low discharge region, where groundwater dominates
the hydrograph.

Discussion

Influence of hydrology and land use on streamwater
signatures

Water, the carrier of the solutes from different end members,

plays an important role in the identification of the potential
end members. Streamwater chemistry, which simultaneously

@ Springer

reflects hydrological conditions, indicates different sources of
water delivery to the stream (Figs. 3, 5, and 7). Streamwater
chemistry is controlled by the relative input from different
water masses, which each possesses distinct chemistries
(e.g., Christophersen et al. 1990; Hooper et al. 1990; Evans
and Davies 1998). Hydrological controls on streamwater sol-
ute concentrations usually exhibit one of the following three
general C—Q relationships: dilution, enhanced hydrological
access, or hydrologically constant (Salmon et al. 2001). Dilu-
tion occurs whenever the net increase in water delivery to the
stream is greater than the increase in solute delivery, as shown
for the cases of SO,4, Mg, Ca, and Sr in this study (Fig. 3). The
concentrations of these solutes in Wellpyigine are within the
upper bounds of Streamwater,;gin. (Figs. 3 and 4). Dilution
of solutes indicates a decreased relative contribution by the
groundwater source. We therefore speculate that SO4, Mg,
Ca, and Sr concentrations in the groundwater source in the
cultivated watershed must be higher than Wellyisine and
Streamwaterivaeq t0 result in the higher concentrations of
these solutes in Streamwater,gyaceq- 1t also implies that the
influence of land use might elevate the solute concentrations
in the cultivated watershed (Lee et al. 2013). CI, SO4, Mg, K,
and Ca are essential substances for vegetation growth. Fertil-
izers containing these substances accumulate in the soil and
may further leach into the groundwater (Lin et al. 2004). Fur-
thermore, the high rates of carbonate and pyrite weathering in
Taiwan contribute high amounts of Ca and SO, to the ground-
water (Goldsmith et al. 2010; Das et al. 2012). During the non-
typhoon period when the rainfall intensity is low, water deliv-
ery to the stream most likely occurs through the soil. Soils on
steep slopes in Taiwan are usually porous and provide an easy
route for water infiltration. For the dilution cases in the pristine
watershed, the solute concentrations in Soilg,.y are much low-
er than those in Wellyigine (Figs. 3 and 4). When the discharge
increases because the soil is saturated with water and the sat-
urated soil boundary approaches the soil surface, the soil water
delivers little solute to the stream and dilutes the streamwater.
In general, the C—Q relationship shows the clearest dilution
pattern when the differences in solute concentrations between
deep and shallow soil water are large (Salmon et al. 2001), as
indicated by Welliiine and Soilgyeg in this study. During ty-
phoon periods, when the rainfall amount is large, surface run-
off with depleted solute concentration further dilutes the solute
concentration in the river. Surface runoff mainly originates
from rainfall with lower solute concentrations (SO4, Mg, Ca,
and Srin Fig. 4). The abovementioned phenomena may also
occur for the cultivated watershed for all solutes excluding
Ca. The Ca concentration in the first leachate of Soilg,, is
higher than the range shown for Streamwater,,ivated
(Fig. 3). However, the leaching experiment shows that
the Ca concentration drops significantly, further diluting
the streamwater (Table 2 and Fig. 4). The significant drop
might result from the rapid dissolution of calcium
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Fig. 7 a 2-D mixing space composed of the first two principal
components (Ul and U2), derived from the implementation of PCA on
the streamwater chemistry in the pristine watershed. The discharge
amount on the sampling day is illustrated in b where the size of the
circle indicates the logarithmic of the discharge. Green dots in a
represent samples taken during Jan-May. Pink and brown dots stand for

carbonate (Calmels et al. 2011) as a result of lime applica-
tion (Lin et al. 2004).

Enhanced hydrological access is shown by increasing sol-
ute concentration with increasing discharge, as exhibited for
the cases of F, Cl, and Ba in both watersheds (and for K in the
pristine watershed only); however, this only occurs in the ty-
phoon samples (Fig. 3). There are no clear dilution or en-
hancement trends in the C—Q relationships of these solutes
during the non-typhoon period. The most common enhanced
hydrological access is shown for solutes found in areas of a
watershed that are only hydrologically active during periods
of high flows (Salmon et al. 2001). As the saturated soil
boundary exceeds the soil surface during the typhoon period,
the much lower concentrations of F, Cl, K, and Ba in the
surface runoff (mainly composed of rainwater) should dilute
the streamwater (Fig. 4 and Table 2). However, surface runoff
that triggers soil erosion is attributable to the enhanced solute
concentrations (Fig. 9). Figure 9 illustrates positive correla-
tions between the abovementioned solute concentrations and
TSM concentration during typhoon periods. We hence specu-
late that the concentrations of F, Cl, and Ba should be high in
the surface soil particles. However, we cannot explain the
inconsistent C—Q relationship of K between our two study
watersheds. The associated increase in K may be linked to
leaching of the vegetation and litter (Walling and Foster
1975; Miller and Drever 1977). Calmels et al. (2011) showed
that the flux of K released by vegetation to the rapid surface
runoff accounts for 30-56 % of the net K flux. This supports
the idea that the increase of riverine K with the discharge is

@ Springer

samples taken during Jun—Nov and in Dec, respectively. Blue dots and
light blue circles represent the samples from the typhoon I and typhoon I,
respectively. The independently sampled end members for the pristine
watershed are indicated by symbols as follows: Wellyyigine (star),
Soilgores: (triangle), and Raingpnoon (cross). The arrow beside the
Soilgyest represents the changing direction in the leaching experiment

related to the leaching of vegetation and litter by surface run-
off (Aber and Melillo 1991), but this explanation is only valid
in the pristine watershed. Lin et al. (2004) showed that potash
fertilizer required by fruit growth may alter the K distribution
in the soil columns in a cultivated watershed. The Si concen-
tration of the non-typhoon samples also reveals the enhanced
hydrological access, which it is particularly clear for the cul-
tivated streamwater. The higher Si concentration in Soilg,.,
might explain the enhanced C—Q relationship (Fig. 3). How-
ever, the much lower Si concentration in the Soilg s (com-
pared to Well,isine) does not result in the dilution C-Q rela-
tionship. This result requires further investigations.
Hydrologically constant control is shown by a relatively
stable solute concentration, regardless of variations caused
by discharge; for example, F and Ba in the non-typhoon sam-
ples of both watersheds and K in the non-typhoon samples of
the pristine watershed (Fig. 3). This C—Q relationship is ex-
pected for solutes that are delivered from rainwater, which was
definitely not the case in this study because the much lower
concentrations of F, Ba, and K in the rainwater should dilute
the streamwater (Fig. 4 and Table 2) and rainwater usually
infiltrates into the soil. The most distinct dilution and en-
hanced hydrological access occur when the solute concentra-
tion differences between groundwater and soil water are large
(Salmon et al., 2001). In other words, while the concentration
differences are small, the solute concentration would remain
constant as the saturated soil boundary approaches the soil
surface. For the pristine watershed, the concentration differ-
ences between Well,yisine and Soilgorese are so small that the C—
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Fig. 8 Residuals fitted by increasing dimensions (principal components) and plotted against observed solute concentration in the pristine watershed.
Filled and empty circles represent non-typhoon and typhoon samples, respectively
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Q relationships of F, K, and Ba in the non-typhoon period
show hydrologically constant control. The C—Q relationship
for Cl is more puzzling. Although Cl concentrations were only
measured for the two typhoon events, the measurements indi-
cate a high variation of CI concentration in the rainwater,
which might result in the observed scattered C—Q relationship
(Fig. 4 and Table 2). Rainwater is the major source of Cl,
particularly for watersheds located on islands (Lyons et al.
2005; Calmels et al. 2011).

Dynamic sources of solutes deliver to stream

The potential end members are projected onto the mixing
space to test whether they fit well in the mixing space and
bound the observed streamwater chemistry. If the end mem-
bers do not lie in the U space, additional steps in the analysis
are necessary to better explain the mixing system
(Christophersen and Hooper 1992; Barthold et al. 2010).
Figures 5a and 7a clearly illustrate all the streamwater signa-
tures lying within a mixing triangle with three virtual end
members located at the vertices of the V shape. This indicates
that at least three end members circumscribe the data, which is
consistent with the results derived from the Rule of One
(Table 3). The vertices are closed to the projected end mem-
bers, i.e., Soilg,,, in the cultivated watershed (Fig. 5a) and
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Well,rigine in the pristine watershed (Fig. 7a), implying the
sources of the end members. In this study, the location of
Well,sigine (close to the up-right vertex) is apparently not ca-
pable of perfectly bounding the streamwater. Groundwater is
not necessarily a stable source of streamflow in terms of its
geochemical signature. A previous study has demonstrated the
seasonal changes of the solute concentrations of groundwater
(James and Roulet 2006) which cannot be recognized by our
single sample. It is very possibly true also in our case that the
groundwater signature changes seasonally because some of
the minimum flows are actually positioned along the line in
between the upper-right and the lower-middle end members
instead of being fixed at the upper-right vertex (Figs. 5b and
7b). We speculate that the lower-middle vertex is a soil water
end member, although the Soilg,, in the cultivated mixing
space (Fig. 5a) is not precisely located at the vertex. The in-
dependently sampled end members in this study did not com-
prehensively include all the potential end members. There are
eight types of land use in our study watersheds. The Soilg,m
samples taken in the inactive farm might not be highly repre-
sentative of the soil water end members in the cultivated wa-
tershed. However, most of the water delivery to the
streamflows through the inactive farms, which dominate the
riparian zone (Fig. 1). Therefore, the cultivated streamwater
signature is bound by the Soilg,,,, end member (Fig. 5a). In our
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laboratory experiment, the Soilg,,,, signature actually changes
toward Raingpnoon With increasing leached water (Fig. 5a and
Table 2). We may not provide adequate time for the water to
make contact with the soil, but this still implies that the sig-
nature of the soil water end member may change if the water
flowing through the farm soil is abundant and fast. However,
the streamwater is still bound by the sequence of the Soilg,y,
leachate, which implies a link to Soilg,..s.. The sequence of the
Soilgest leachates moves toward a smaller U2. These results
highlight the need to recognize the temporal variation in end
member chemistry as a function of catchment wetness and the
need to collect high-frequency data on streamwater as well as
potential end members to better characterize catchment flow
paths and mixing responses (Inamdar et al. 2013). Both
Rainypneon and Soilg,eg lie around the boundary of the mixing
space, but not at the vertex (Fig. 5a). During the typhoon
period, streamwater signatures indeed move toward
Raingyphoon and Soilgorest. Raingphoon With low solute concen-
trations, significantly diluting streamwater chemistry (see
Fig. 3, for most of the solutes), is one of the streamwater
sources. More than 90 % of watershed area is forest, leading
to similar signatures of the subsurface flow and Soilg,es. For
the pristine watershed without the signature of Soilg,,, the
extent of leaching water of Soilg,s; bounding the edges of
the typhoon samples (Fig. 7a) is much wider than those in
the cultivated watershed (Fig. 5a). The area covered by
Wellyistines SOilforest, and Raingpnoon could circumscribe ap-
proximately 70 % of the streamwater data. If the seasonal
variability existed in the Wellygine €nd member, the
streamwater chemistry could be further explained. Both
Figs. 5a and 7a show an interesting pattern that has never been
seen in previous studies; there is a blank region inside the
mixing triangle. This indicates that every streamwater sample
is mainly composed of two end members. For the non-
typhoon samples, streamwater is mixed up with the upper-
right and lower-middle end members. For the typhoon sam-
ples, it is mixed up with the upper-left and lower-middle end
members. According to the residual analysis of Ba in Figs. 6
and 8, linear structure in the residuals of typhoon samples
indicates non-conservative behavior of solutes or a missing
end member (Hooper 2003). Five-dimensional mixing spaces
in both watersheds still underestimate Ba concentration in the
streamwater, and the magnitude of underestimation increases
with increasing Ba concentration. Because the Ba concentra-
tions of typhoon samples are positively correlated to the in-
creasing discharge (Fig. 3), this indicates that an end member
releases higher Ba concentration in higher discharges (i.e.,
non-conservative behavior). It might also indicate a missing
end member because the structure disappears after the addi-
tion of one more dimension (i.e., six-dimensional mixing, not
shown).

We believe the end member at the upper-left vertex should
be relevant to the surface runoff-triggered erosion. None of the

previous relevant studies discussed the effects of soil erosion
on streamwater chemistry (Elsenbeer et al. 1995; Mulholland
and Hill 1997; Katsuyama et al. 2001; Joerin et al. 2002;
Chaves et al. 2008). Unlike these abovementioned studies,
only surface runoff (i.e., saturation excess overland flow) is
considered. We emphasize that surface runoff actually influ-
ences streamwater chemistry in two forms, one is overland
flow having similar chemistry to rainwater and the other is
the eroded soil particle attached to particulate-associated sol-
utes such as phosphate (Lee et al. 2013) and Ba. The Ba
concentration is positively correlated to TSM concentration,
indicating that the transport of Ba is highly relevant to erosion
during the typhoon period (Fig. 9). The structure in the Ba
residuals (Figs. 6 and 8) could be attributed to the end member
of erosion. This might be one of the characteristics that the
EMMA users should focus on, particularly in rapidly eroding
basins such as Taiwan rivers (Kao et al. 2005). For rapidly
eroding basins, such as most of the basins in Taiwan or small
mountainous rivers in Oceania (Milliman and Syvitski 1992;
Milliman 1995), it would be useful to distinguish the effects of
the water part and the particulate-associated part of surface
runoff on streamwater. For those solutes experiencing dilution
during typhoon periods, three to four typhoons per year col-
lectively account for 3040 % of the annual solute flux (Kao
et al. 2004); however, for particulate-associated solutes, ty-
phoons could contribute as much as 80 % of the phosphate
observed in our study watersheds (Lee et al. 2013). The con-
sideration of particulate-associated solutes is also crucial for
understanding the chemical weathering rate, particularly in
high-sediment-yielding watersheds because of the coupling
of physical and chemical weathering (Carey et al. 2002; Lyons
et al. 2005; West et al. 2005).

In the mixing space of the cultivated watershed shown in
Fig. 5a, we conclude that non-typhoon samples represent the
mixture of groundwater (up-right vertex) and soil water
(down-middle vertex) without too much signature of the sur-
face runoff (either from rainwater or erosion at up-left vertex).
Overfertilization makes the Soilg,,, a significant end member
in the streamwater chemistry. Our previous study (Huang et al.
2012; Lee et al. 2013) has demonstrated that a very high ni-
trate yield from inactive farms, approximately
770 kg N ha ' year ', which is approximately 100x higher
than that from forest, remains an apparent contributor to en-
hanced nitrate in streamwater. In other words, the solute con-
centrations of the water delivery to the stream would be easily
altered once the water flows through the farm soil, even with-
out too much contact time. The water traveling through farm
soil is immediately labeled, even if residence time is short
(Ball and Trudgill 1997). This might be explained by the fact
that the streamwater solute concentrations in the cultivated
watershed are higher than those in the pristine watershed,
despite the agriculture-related land uses, which only occupy
8.9 % of the total watershed area (Fig. 4 and Table 1).
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There is no agriculturally relevant land use in the pristine
watershed. However, the streamwater signatures move toward
the down-middle end member (Fig. 6a), making it very diffi-
cult to explain the mixing system partly because we did not
comprehensively sample all of the potential end members in
the pristine watershed. To explain the mixing system in the
pristine watershed, we pooled together the streamwater data of
the two study watersheds and applied PCA. PCA is used here
to examine the similarity or dissimilarity of the variations
within the two datasets. The U space could be also derived
as shown in Fig. 10. The Ul and U2 can explain a total of
77.8 % of the variance in streamwater chemistry (Table 3). In
Fig. 10, it is apparent that the cultivated and pristine
streamwater data are spatially separate, suggesting that these
two datasets are independent. The cultivated streamwater sig-
natures maintain a V-shape distribution, but the pristine signa-
tures become a straight line. The three end members (Fig. 5a)
could explain the streamwater signatures in the cultivated wa-
tershed. However, it seems that only two end members are
required to explain the mixing system in the pristine water-
shed, unlike in Fig. 7a. The total variance of the cultivated
streamwater solute concentration is much larger than that of
pristine streamwater solute concentrations (see Fig. 3 and 4,
but values are not shown). In other words, while looking at the
pristine streamwater data alone, the mixing system appears
complicated because PCA requires three PCs (even more ac-
cording to the residual analysis) to better explain the system
(Table 3). However, the mixing system is simple within a large
variance system. We speculate that in the pristine watershed,
the differences in solute concentrations between groundwater
and soil water end members are so indistinct that the two end
members cannot be easily distinguished by PCA. Figures 5a
and 7a together illustrate the ability of PCA to discriminate
one data source from another. In Fig. 5a, the relative distance
between Soilgores and Raingypnoon is much smaller than that of
Fig. 7a. This indicates that PCA does not clearly separate these
two water sources in a larger variance system (Fig. 5), given
their similar solute concentrations (Fig. 4). However, PCA
does completely separate these two water sources in the cul-
tivated mixing system (Fig. 7a). This implies that in the pol-
luted systems, some detailed streamwater sources might be
masked because of the distinct solute concentration differ-
ences between the end members. Based on Fig. 10, we spec-
ulate that the cultivated data lying on Ul >0 represent the
influence of farm soil that cannot be found in the pristine data.
The first PC is mainly controlled by SO4, Mg, K, and Ca
(Table 3), all of which are common fertilizer components
and the magnitude/variation of their concentrations in the cul-
tivated watershed is higher than in the pristine watershed. This
might be the reason that a mixing line between groundwater
and soil water end member lies on approximately Ul=1 for
the pristine data (Fig. 7a) instead of on the diagonal line in
Fig. 5a. The relatively uniform distribution of the solute
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Fig. 10 First two principal components (Ul and U2) derived from the
implementation of PCA on the combination of the pristine and cultivated
streamwater chemistry. Red and blue circles represent streamwater
samples taken in the cultivated and pristine watersheds, respectively.
Filled and empty circles stand for non-typhoon and typhoon samples,
respectively

concentrations in the forest soil profile might contribute to this
phenomenon as well (Lin et al. 2004). Our findings align with
the previous cognition that catchment systems are hydrologi-
cally complex in that they have significant flow paths below
the saprolitic zone and contribute significantly to the dissolved
load carried by rivers (Anderson and Dietrich 2001) and also
have episodic typhoon events that wash out terrestrial material
from the surface (Hilton et al. 2008; Lee et al. 2013). In this
study, we did not quantitatively calculate the contribution of
each end member, given the limited amount of end member
samples. Moreover, Barthold et al. (2011) have also shown
that the conceptual models based on EMMA are highly sen-
sitive to the solute set size and composition, even if the mod-
erate reproducibility of end member contributions indicates an
unknown end member.

Conclusions

The detailed time series of streamwater chemistry observed in
this study allows us to demonstrate the dynamics and behav-
iors of streamwater chemistry under changing hydrological
conditions. The application of a diagnostic tool (Hooper
2003) with some independently sampled end members helps
us to further identify the possible sources of the solute delivery
to the stream. The two study watersheds with and without
cultivation help us to understand the role of agricultural activ-
ities on affecting streamwater chemistry. According to the
Rule of One, there are three and four end members for the
cultivated and pristine watershed, respectively, which should
explain the majority of variation of streamwater chemistry;
however, the residual analysis suggests that there are at least
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five and six end members, respectively. The linear structure in
the residual of Ba indicates the source of erosion affecting the
streamwater chemistry during the typhoon period. Our inde-
pendently sampled end members somehow bound the
streamwater chemistry, suggesting that groundwater, soil wa-
ter, overland flow, and surface erosion are end members.

During non-typhoon periods when the rainfall intensity is
low, the streamwater chemistry reveals a binary mixing be-
tween groundwater and soil water. The soil water end member
in the cultivated watershed seems to be dominated by the soil
water from the riparian farm. Because of fertilizer contamina-
tion of the soil, the water traveling through the farm soil in the
riparian region is labeled, resulting in the vivid signature of the
soil water end member in the streamwater chemistry. Howev-
er, the end member samples in the pristine watershed cannot
provide any evidence that one of sources in the binary mixing
belongs to soil water end member during the non-typhoon
period. During typhoon periods when surface runoff occurs,
the majority of the streamwater chemistry can be explained by
the other binary mixing, perhaps between soil water and sur-
face runoff relevant inputs. It is found that surface runoff in-
fluences the streamwater chemistry in two ways, one is
through overland flow and the other might be through the
surface runoff-triggered erosion, which has never been
discussed in previous studies. Two binary mixings result in a
blank zone inside the mixing triangle which has also not been
detected in other studies. The abundant overland flow in ty-
phoon periods and the quick infiltration in non-typhoon pe-
riods together result in a great variability of runoff in small
mountainous rivers, masking the detailed streamwater sources
and impeding the application of EMMA. Previous studies also
found that the short-term variation in the chemistry of the
surface and shallow reservoirs, likely to be the most sensitive
to rainfall intensity and/or seasonal variation in climate, will
be masked by the greater variability in the relative contribu-
tions to streamflow from the major water masses (Inamdar
et al. 2013). This should be a pioneering study that highlights
the potential end members for the streamwater chemistry of
small mountainous rivers. To comprehensively identify all the
streamwater sources, time series measurement of well and soil
water would be required to consider the effects of different
seasons and hydrological conditions. Moreover, chemistry of
surface soil particle is essential. It is particularly crucial for the
regions in which there is strong discharge variability and con-
siderable eroding ability, which are the characteristics of small
mountainous rivers.
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