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Abstract Understanding how spatial variability in stream discharge and water chemistry decrease
with increasing catchment area is required to improve our ability to predict hydrological and
biogeochemical processes in ungauged basins. We investigated differences in this decrease of variability
with increasing catchment area among catchments and among specific discharge (Qg) and water
chemistry parameters. We defined the slope of the decrease in the variability with increasing catchment
area as the rate of decrease in the standard deviation and coefficient of variation (§sp and Scv;,
respectively), both of which are —0.5 for the simple mixing of random variables (random mixing). All 8sp
and 8¢y values of Qg were less than —0.5, while those of most water chemistry values were greater than
—0.5, indicating that with increased catchment area the spatial variability of Qy decreased more steeply
than for random mixing, while for water chemistry they decreased less steeply. 8sp and 8¢y had linear
relationships with both the spatial dissimilarity index and relative changes in parameters' mean values
with increasing catchment area. It suggested that differences in dgp or 8¢y for Qg and water chemistry can
be explained by the different spatial structures, where dissimilar values of Qs and similar values of water
chemistry, respectively, are located close together in space. Differences in 8sp and 8¢y according to Qg
and water chemistry should significantly affect the determination of representative elementary area and
therefore need to be considered when predicting representative elementary area from spatial variability of
low-order streams.

1. Introduction

Predictions of stream water discharge and chemistry in poorly gauged or ungauged basins (PUBs) are among
the main themes of catchment hydrology (Hrachowitz et al., 2013; Sivapalan, 2003a). Although there
is usually a large spatial variability in hydrological and biogeochemical processes among catchments
(McDonnell et al.,, 2007), we cannot observe all catchments due to labor and financial constraints.
Therefore, it is necessary to develop methodologies to use data from gauged catchments to make predictions
in ungauged catchments. The relationships between hydrological and biogeochemical processes and
landscape parameters such as vegetation, topography, soil, and geology provide essential information on
PUB (McDonnell et al., 2007; Wagener et al., 2007). However, such information remains insufficient to fully
identify the sources of spatial variability in hydrological and biogeochemical processes, and therefore, other
approaches are needed.

Many studies have examined the relationships between spatial variability in hydrological and
biogeochemical processes and spatial scale to obtain information about the spatial representativeness and
potential of extrapolation of these processes (Bloschl, 2001; Sivapalan, 2003b; Tetzlaff et al., 2010). Wood
et al. (1988, 1990) used a rainfall-runoff model to demonstrate that spatial variability in stream discharge
decreases with increasing catchment area; the minimum area where spatial variability became sufficiently
small to be ignored was designated the representative elementary area (REA). The relationships between
spatial variability and catchment area, and the resulting REA, are important information for PUB. The
REA is considered a threshold area above which we can explain spatial variability in hydrological or
biogeochemical processes using landscape characteristics (Capell et al., 2012; Ecrepont et al., 2019; Tiwari
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log (SD) or log (CV)

Figure 1. Conceptual diagram showing the difference in the decrease of
spatial variability with increasing catchment area. The solid line shows

et al., 2017) and is useful as a unit area for distributed models (Sivapalan,
2018). Relationships between spatial variability and catchment area pro-
vide a basis for determining the locations and number of necessary obser-
vation points because small-scale catchments are generally easier to
monitor and their processes easier to understand than for large-scale
catchments (Frisbee et al., 2011; Uchida et al., 2005). Many studies have
examined the relationships between spatial variability in stream discharge
or water chemistry and catchment area, showing that the size of the REA
differs greatly among catchments and parameters, ranging from a few to
thousands of hectares (Asano et al., 2009; Didszun & Uhlenbrook, 2008;
Egusa et al., 2013; Fischer et al., 2015; Likens & Buso, 2006; Lyon et al.,
2012; Temnerud et al., 2007; Temnerud & Bishop, 2005; Woods et al.,
1995; Zimmer et al., 2013).

log (Catchment area)

Despite the large number of studies available, only a few have examined
how spatial variability in stream discharge and water chemistry decreases
with increasing catchment area and how the size of REA is determined.
Woods et al. (1995) and Asano and Uchida (2010) were two exceptions

the reference line (slope = —0.5) based on random mixing theory (Woods and focused on the rate of decrease in spatial variability with increasing
et al., 1995). The dotted and dashed lines indicate more and less steeply catchment area. To evaluate the rate of decrease in spatial variability
decreases in spatial variability with increasing catchment area than for the  and determine the underlying mechanism, a reference value is necessary.

random mixing case, respectively. The slopes of these lines are referred to as
the rate of decrease of the standard deviation (SD) and coefficient of
variation, 8sp and 8cv, respectively (see section 2.3.1).

For this purpose, random mixing theory, which assumes a simple mixing
of randomly distributed variables, was presented as the null hypothesis
(Woods et al., 1995). This assumption means that there is no spatial
structure with the variability of stream discharge or water chemistry; that
is, there is no organized pattern in the spatial arrangement of these parameters. For example, these
parameters do not change with increasing catchment area due to groundwater discharge or in-stream
processes, and similar values of specific parameters may not be located close together. In this case, the
mixing of parameter values with increasing catchment area is essentially the same as random sampling from
a population of parameter values. As a result, one reference line can be obtained for the decrease in
variability with increasing catchment area (Figure 1). Woods et al. (1995) conducted multipoint observations
of stream discharge within two catchments and found that the variability of stream discharge decreased
more steeply than the reference line for both catchments, especially in small headwater catchments.
However, Asano and Uchida (2010) reported that the variability of silica concentrations at approximately
60 locations within a catchment decreased less steeply than the reference line, especially in small headwater
catchments. The limited number of parameters and catchments made it difficult to understand discrepancies
in their results. Besides, the deviations from the reference line suggest the influence of spatial structure
(Abbott et al., 2018). Barrios and Francés (2012) showed with a distributed hydrological model that REA
became larger with increasing spatial correlation length of model parameters. In addition, locations of
groundwater seeps to surface water could largely determine the formation of spatial variability of stream
water chemistry (Zimmer et al., 2013). Therefore, we need to elucidate the linkages between the decrease
in spatial variability of stream discharge and water chemistry with increasing catchment area and their
spatial structure.

Geostatistical methods such as the semivariogram are useful for detecting spatial structure and have been
widely used in hydrological and biogeochemical studies during the last two decades (reviewed by Isaak
et al., 2014). Previous studies have quantified the spatial distance at which similarity is seen in observed
values. Some studies have revealed spatial structures within the spatial variability of stream water chemistry
(Dent & Grimm, 1999; Dong et al., 2017; Lessels et al., 2016; McGuire et al., 2014), and others have proposed
methods to extrapolate stream discharge and water chemistry data to nearby locations (Archfield et al., 2013;
Brennan et al., 2016; de Lavenne et al., 2016; Skeien & Bloschl, 2007; Ver Hoef et al., 2006). Such methods
help to reveal the mechanisms in the decrease in spatial variability with increasing catchment area.

Our purpose was to obtain a better understanding of how the spatial variability of stream discharge and
water chemistry decreases with increasing catchment area in small headwater catchments and how the size
of REA is determined. For this purpose the following questions were addressed.
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1. How does the rate of decrease in spatial variability with increasing catchment area differ among catch-
ments and for stream discharge and water chemistry?

2. What type of spatial structure causes different rates of decrease in spatial variability with increasing
catchment area?

2. Materials and Methods
2.1. Site Description

We studied three forest headwater catchments in the Kanto region of Japan (35.5°N, 139.5°E; Figure 2). All
catchments are located in steep mountainous areas with slopes of more than 25°. The characteristics of the
three catchments are given in Table 1. The climate of all three catchments is warm and humid, with a
monthly average temperature of 0-5 °C in January and 20-25 °C in August (see Figure S1 for Inokawa
and Oborasawa; see Koyanagi et al., 2003, for Kusaki). For all catchments rainfall is abundant from April
to October, especially during the rainy season from June to July and during the typhoon season from
September to October. Snowfall occurs occasionally from January to March; however, the amount is small
and the effect of snowmelt on stream discharge is not clear (Figures 3a-3c).

Inokawa and Kusaki are underlain by sedimentary rock, and Oborasawa is underlain by igneous rock. In
Inokawa, the bedrock is sandstone and mudstone of Neogene age (Nakajima et al., 1981). Although observa-
tions were conducted in the whole catchment, all points used for the analysis were in the mudstone area
(Figure 2a). The bedrock of Kusaki is an accretionary complex of Jurassic age. Typical of accretionary com-
plexes, a chert block is captured in mélange substrata; therefore, we studied both the chert and mélange
areas (Figure 2b). The bedrock of Oborasawa is tuff and tuff breccia of Neogene age (Figure 2c).

The soils of Inokawa and Oborasawa are classified as Cambisols (Urakawa et al., 2016), and those of Kusaki
are classified as Andosols, which is clearly influenced by volcanic sediments. In Inokawa and Oborasawa,
soil depth was measured by a cone penetration test. In Inokawa, the average soil depths of two small catch-
ments (~1 ha) were 2.87 and 2.22 m (Shiraki et al., 1999). In Oborasawa, the average soil depth was 1.64 m.
At a small watershed (1.89 ha) named Oyasan, which is located 6 km west of the Kusaki catchments and has
a similar geology to Kusaki, the average soil depth was 2.61 m (Shiraki et al., 2007).

2.2. Data

We sampled stream water under base flow conditions (Figure 3). The observation periods were as follows: 3-
5 August 2009 in Inokawa, 27-29 August 2012 in Kusaki, and 25-26 June 2010 in Oborasawa. In each catch-
ment, all points were observed only once. In total, there were 123, 90, and 48 observation points for Inokawa,
Kusaki, and Oborasawa, respectively. For Inokawa, the observation points were the same as those used in
Egusa et al. (2016).

There were rainfall events in all three catchments before the observations were made. In Inokawa, 117 and 1
mm of rain fell on 27-29 July and 2 August, respectively. The daily stream discharge values on 5 August
decreased by 34-48% compared with those on 3 August in the three headwater catchments where we con-
tinuously monitored discharge (Figure 3d). In Kusaki, 26 mm of rain fell on 16-18 August and there was
no rainfall during the week before our rain gauge observations in Oyasan. In Oborasawa, 97 and 24 mm
of rain fell on 18-19 and 23 June, respectively. Daily stream discharges on 26 June decreased by 3-12% com-
pared with those on 25 June at three points within Oborasawa (Figure 3e). In Oborasawa, 1 mm of rain fell
between 14: 00 and 18: 00 on 26 June during our observations. However, there was no clear change in the
stream discharge, and the influence on our observation results was negligible. We discuss the influence of
these rainfall events before our observations campaigns on our observation results in section 2.4.

Here, specific discharge (Q;) denotes the stream discharge per contributing catchment area. The stream dis-
charge at an observation point was calculated by multiplying the cross-sectional area (S) by the water flow
velocity (V). S was obtained by measuring water depths at an interval of 5-100 cm over the entire stream
width. VV'was measured at the same interval of stream depth at 60% of the water depth from the water surface
using an electromagnetic velocity meter (VE-20, Kenek, Tokyo, Japan). At points where discharge was low,
the discharge was quantified using the bucket method, tat is, measuring the water mass collected over a spe-
cific time interval.
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Figure 2. The locations of the three catchments in Japan and the locations of streams and observation points in (a)
Inokawa, (b) Kusaki, and (c) Oborasawa. Blue and black lines show streams and contours, respectively. The interval of
the contour line is 30 m. In Inokawa and Kusaki, open and solid circles denote first- and second-order streams, respec-
tively. In Oborasawa, open and solid circles indicate the headwaters and first-order to third-order streams, respectively. For
each catchment, we show only the points that were used for the analysis. The open triangles show the continuous moni-
toring points for stream discharge, Fukuroyamasawa A (1 ha), B (1 ha), and C (2 ha) in Inokawa No 1 (48 ha), No 3 (7 ha),
and No 4 (5 ha) catchments in Oborasawa.

We measured the electrical conductivity (EC) in situ using an EC meter (D54, Horiba, Kyoto, Japan). The
concentrations of major ions (Na*, K¥, Mg?*, Ca®*, CI~, NO; ™, and SO,°~) were analyzed in the laboratory
using ion chromatography (LC10-A, Shimadzu, Kyoto, Japan). The Si concentration was analyzed for sam-
ples from Kusaki and Oborasawa using the molybdenum yellow method and a spectrophotometer (U-1800,
Hitachi, Tokyo, Japan).

We obtained samples for analysis from all observation points. The criteria for excluding points were follows:
(1) less than 80% of the catchment area contained the target geology (there were 77, 33, and 0 points for
Inokawa, Kusaki, and Oborasawa, respectively); (2) either stream discharge or water chemistry was not
observed (9, 16, and 11 points for Inokawa, Kusaki, and Oborasawa, respectively); (3) third-order or larger
streams for Inokawa and Kusaki and fourth-order streams for Oborasawa (11, 10, and 0 points for
Inokawa, Kusaki, and Oborasawa, respectively); and (4) there was another observation point nearby (1, 2,
and 9 points for Inokawa, Kusaki, and Oborasawa, respectively). The last criterion was included because
the analyses conducted in this study required independent data. When two observation points were adjacent
to each other, if the difference in catchment area between them was less than 1 ha, or if they were on each
side of a stream confluence, we excluded the downstream point. As a result, 25, 29, and 28 points were
selected for Inokawa, Kusaki, and Oborasawa, respectively (Figure 2). The observation points were classified
into first-order or second-order streams in Inokawa and Kusaki (cf. Figures 2a and 2b). For Oborasawa, we
classified the observation points into headwater springs and first-order to third-order streams (cf. Figure 2c).
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Table 1
Comparative Features of the Three Study Catchments

Inokawa Kusaki Oborasawa

Location 35°11-13'N, 140°06-07'E 36°34-36'N, 139°22-26'E 35°28'N, 139°12'E
Catchment area 507 ha 227 ha 55ha
Altitude 90-346 m 748-1,140 m 439-872 m
Slope 31.4° + 12.0° 28.8° + 8.7° 34.9° +9.0°
Mean annual rainfall 2,304 mm (1994-2010) 1,936 mm (1997-2002)* 2,950 mm (1982—2000)b
Mean air temperature 14.2 °C (1998-2000) 9.3 °C (1997-2002)% 12.1 °C (2009—2014)b
Bedrock Sand stone and mudstone Mélange and chert block Tuff and volcanic breccia
Soil Cambisol Andosol Cambisol

#Data from Koyanagi et al. (2003). ®Data from Uchiyama et al. (2014).

2.3. Data Analysis

We first quantified the rate of decrease in the spatial variability of the parameters (specific discharge, EC,
and concentrations) with increasing catchment area (section 2.3.1). Then, we defined two indices to evaluate
the spatial structure of the parameters. One was relative difference, which referred to the ratio (in percentage)
of the parameters' mean values between low- and high-order streams. Positive and negative values of relative
difference mean the increase and the decrease of the parameters’ mean values, respectively. The other was
Dy, which indicated the dissimilarity of parameter values within subcatchments (section 2.3.2).

2.3.1. The Decreasing Rate of Spatial Variability With Increasing Catchment Area

Random mixing theory assumes a simple mixing of randomly distributed variables. Therefore, the mixing of
parameter values with increasing catchment area is equivalent to random sampling from the population of
parameter values. As a result, the decrease in spatial variation of parameters with increasing catchment area
(A) could be obtained from the law of large numbers:

Var (X,) = 0%/A, 1)

where X, is the samples' mean parameter value, with an average area of A, and o is the variance of the para-
meter values in the population. Equation (1) indicates that the sample variation should decrease at a rate of
1/A as the catchment area increases.

If the data characteristics follow the random mixing theory, the logarithmic relationship between the stan-
dard deviation (SD) or coefficient of variation (CV) and A should be linear, with a slope of —0.5 (Figure 1). If
the slope is less than —0.5, the decrease in the variation is referred to as being a greater decrease than for the
random mixing case; if the slope is greater than —0.5, the decrease in variation is less than the random mix-
ing case. In this study, we referred to the slopes of the logarithmic functions of SD and CV with A as the rate
of decrease of SD (8sp) and CV (8cv), respectively.

We compared 8sp and 8¢y among the catchments and parameters via a ¢ test with the Holm method and the
Bartlett test using R software (version 3.4.2). For the comparison of 8sp and §cy among catchments, all para-
meters were pooled within each catchment. When we compared 8sp and 8¢y among parameters, we classi-
fied the water chemistry parameters into three groups based on their main source: (1) atmospheric input,
where the concentration is comparable in soil water and groundwater (C1~ in Inokawa and Cl~ and
SO,*~ in Kusaki and Oborasawa), (2) biological activity, where concentrations are higher in soil water than
in groundwater (NO;~ and K* in the three catchments), and (3) mineral weathering, where concentrations
are lower in soil water than in groundwater (other water chemistry). This classification was based on soil
water and groundwater data collected for Inokawa and Oborasawa (Egusa et al., 2016, for Inokawa;
Figure S2 in the supporting information for Oborasawa). Because there was no information for Kusaki,
we used the same classification as for Oborasawa.

2.3.2. Spatial Dissimilarity Index

An index of the spatial dissimilarity of two observation points i and j is given by
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Figure 3. Daily rainfall and daily stream discharge for the year of our sampling campaign for (a) Inokawa, (b) Kusaki, and
(c) Oborasawa. Points indicate the dates of our sampling campaigns. Daily stream discharge was measured at
Fukuroyamasawa-C catchment for Inokawa and No 1 catchment for Oborasawa. For Kusaki, we used the daily rainfall
and stream discharge data of Oyasan, which is 6 km west of Kusaki. Hourly rainfall and hourly stream discharge from 3
days before our sampling campaign for (d) Inokawa and (e) Oborasawa. The solid, dotted, and dashed lines show stream
discharges at Fukuroyamasawa A, B, and C, respectively, for Inokawa and stream discharges at No 1, No 3, and No 4
catchments, respectively, for Oborasawa. Arrows indicate the duration of our sampling campaigns.

y(h) = (Z2=2)* /2, ©)

where Z; and Z; are the observed values at points i and j, respectively, and h is the distance between points i
and j (Wackernagel, 1998). A large value of y(h) indicates little similarity between the two points. Note that
in order to use y(h), we should consider the pattern of connections among observation points (McGuire et al.,
2014). For example, if we conduct sampling at two points in a river channel, the parameter values observed
at these two points might be similar. Thus, we used only data from first-order streams and springs in this
study (see Figure 2).

We defined the index of spatial dissimilarity within a small range, D,qq (%), as

Day = Tz i ®
¥ ) X100,

where ¥ (00 m) and ¥y denote the averages of y(h) within a 200-m range and over whole the catchment,
respectively. The 200-m range was used for this index because the catchment areas of the headwaters in this
study were approximately 1 ha (100 m X 100 m); therefore, 200 m was considered a reasonable distance to
examine spatial similarities among first-order streams at their confluence. When D, is zero, the spatial dis-
similarity among observation points within the 200-m range is equal to that for whole the catchment. If D,
is a positive value, the degree of spatial dissimilarity is larger among points within the 200-m range than for
the whole of the catchment. Conversely, if D, is negative, the degree of spatial dissimilarity is smaller
among points within the 200-m range than that for the whole of the catchment.

2.4. Influence of Antecedent Rainfall Events on Stream Discharge and Water Chemistry Data

In Inokawa and Oborasawa, rainfall events before the observation campaign caused a moderate change in
stream discharge during our sampling period (Figures 3d and 3e), and therefore, we evaluated the
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influence of Qg on the 8sp and dcv by using continuous stream discharge data for the three subcatchments
(Figures 2a and 2c). For Inokawa, we used hourly stream discharges of continuous monitoring points at
12:00 on 4 August (Qrer) and those at the time of our snapshot observations (Qops) and multiplied by
Qret / Qune averaged over three points, with the observed Q. For Oborasawa, a similar verification was con-

ducted using daily stream discharge data. The daily stream discharge on 25 June was 1.06 times larger than
that on 26 June; therefore, we multiplied the observed Qs on 26 June by 1.06.

When using this correlation factor, 8sp and ¢y values changed from —0.76 to —0.82 and —0.57 to —0.63,
respectively, in Inokawa and from —1.00 to —1.01 and —0.52 to —0.53, respectively, in Oborasawa. Both
the original and modified rates of decrease were smaller than —0.5 and thus were qualitatively similar.
We used these modified values of Qg in all our analyses.

Antecedent rainfall events might also impact water chemistry. However, in the two catchments, the fluctua-
tions of water chemistry were usually small, even 1-2 days after rainfall events of 100 mm (Oda et al., 2011,
for Inokawa; Figure S3 for Oborasawa) and at least 4 days passed between large rainfall events and our
observations. The influence of rainfall events on the water chemistry results was thus assumed to be negli-
gible, but this might still be a source of uncertainty.

Other observation campaigns were conducted in the two catchments under base flow conditions (Figures S4
and S5). It should be noted that not all the points of the two catchments used in the analysis were observed
repeatedly. Most parameters recorded in the observations in this study were positively linear correlated with
those of other observations. The tendency of the spatial variation in stream discharge and water chemistry
was temporally stable under base flow conditions. This reinforced our assumption that the influence of ante-
cedent rainfall events on our results was small.

3. Results
3.1. Relationships Between Qg or Water Chemistry and Catchment Area

The catchment areas (average + standard error) of low- and high-order streams were 1.2 + 0.2 ha (n = 19)
and 4.6 + 1.3 ha (n = 6), respectively, in Inokawa; 2.2 + 0.5 ha (n = 17) and 11.8 + 2.5 ha (n = 12), respec-
tively, in Kusaki; and 0.89 + 0.26 ha (n = 18) and 8.7 + 3.3 ha (n = 10), respectively, in Oborasawa (Figure 4).
Qs decreased from low- to higher-order streams by 65% and 68% in Kusaki (Figure 4b) and Oborasawa
(Figure 4c), respectively. The average values of EC and SO4>~, Na*, K*, Mg**, and Ca®* concentrations
in Inokawa (Figure 4a) and K* in Oborasawa (Figure 4c) increased from low- to higher-order streams by
more than 10%. The average values of Q, in Inokawa, Q; and K* concentration in Kusaki (Figure 4b), and
Q, and EC, and Cl~, NO;~, and SO,>~ concentrations in Oborasawa (Figure 4c) decreased from low- to
higher-order streams by more than 10%. The average values for the other 14 parameters remained
relatively constant.

The SD and CV values of almost all parameters (except the CV of S0,2” in Kusaki) in Kusaki and Oborasawa
decreased with increasing catchment area (Figures 4e, 4f, 4h, and 4i). The slopes of the decreases in these
parameters varied substantially. In Inokawa, the SD of EC and the SO,*~, Na*, K*, Mg**, and Ca®* concen-
trations increased with catchment area, and the CV of EC and the NO;~, Na*, K*, Mg®*, and Ca®* concen-
trations increased with catchment area (Figures 4d and 4g).

3.2. Differences in the Rate of Decrease of All Parameters Among Catchments and for Qs and
Water Chemistry

Seven and six parameters had 8sp and 8¢y values that were less than —0.5 (i.e., the reference slope for the
random mixing case; see section 2.3.1 and Figures 1 and 5), respectively. The 8sp and 8¢y values for all para-
meters ranged from —1.43 to 0.42 and from —0.78 to 0.26, respectively. There were no significant differences
in the 8gp and 8¢y values pooled by catchment among all pairs of catchments when using all parameters for
the statistical analysis (p = 0.09-0.74). However, in the analysis of water chemistry data alone, the 8sp in
Inokawa was significantly greater than for the other two catchments (p < 0.01), and the §cv for Inokawa
was significantly greater than that for Kusaki (p < 0.05).

The 8sp and Scy values for Qg and the pooled water chemistry in each catchment are listed in Table 2. We
found that the outliers, that is, the more negative values in Figure 5, were due to the rate of decrease of Qg
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Figure 4. Relationships between catchment area and the average, SD, and coefficient of variation (CV) of Qg and water chemistry parameters in Inokawa, Kusaki,
and Oborasawa. A logarithmic axis is used for all variables. The units of the parameters are mm/day for Qg, uS/cm for EC, and pumol/L for all concentrations.

with catchment area. The 8gp of Qg was less than the values for the other three water chemistry groups (p <
0.01; Figure 6a). For 8¢y, only the difference between Qg and mineral weathering-derived solutes was
significant (p < 0.05; Figure 6b).

3.3. Relationships Between the Relative Difference or D,y and the Rate of Decrease in Variation

The relative difference was positively linear correlated with gp (p < 0.001; R?=0.65; Figure 7a) and cv (p <
0.01; R = 0.33; Figure 7b). The Qs in all three catchments and water chemistry in Inokawa differed markedly
from the other groups of observations (Figures 7a and 7b). For example, the average Qs values in the three
catchments decreased significantly, and 8sp and 8¢y values were considerably negative. Conversely, for
the water chemistry in Inokawa average values increased with catchment size and dsp and 8¢y values were
0-0.5 (i.e., positive). Although the relative differences in the water chemistry in Kusaki and Oborasawa were
small, the 8sp and 8¢y values varied largely from —0.6 to 0 (Figures 7a and 7b).

It should be noted that the D,qq values of most parameters were negative, and only the D,qq of Qg in Kusaki
and Oborasawa, C1~ in Kusaki, and Si in Oborasawa were positive (Figures 7c and 7d). The D,q Was nega-
tively linear correlated with 8sp (p < 0.001; R = 041; Figure 7c) and Scvy (p < 0.01; R? =0.25; Figure 7d).
The D, of Qg in the three catchments and the water chemistry in Inokawa clustered differently from the
other groups of parameters (Figures 7c and 7d). The Do was higher for Q, than the other parameters, and
the 8sp and 8¢y values were very negative (—0.5 to —1.5). The D,qq values for water chemistry in Inokawa
had particularly large negative values (—40% to —80%), and the 8sp and 8¢y values were relatively high
(=0.5 t0 0.5).
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Table 2

The Rate of Decrease of the Standard Deviation (8sp) and Coefficient of
Variation (8cy) for Specific Discharge (Qs) and Water Chemistry
Parameters in the Three Study Catchments
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Figure 5. Comparisons of the (a) 8sp and (b) 8¢y among the three catchments, Inokawa (I), Kusaki (K), and Oborasawa
(0). The bin width of the values was set to 0.1. sp and d¢cy are —0.5 for the random mixing case. Smaller and greater
values than —0.5 indicate more and less steep decreases, respectively, than for the random mixing case (see Figure 1 and
section 2.3.1).

4. Discussion

4.1. The Differences in the Rate of Decrease Between Qg and Water Chemistry Were Caused by
Different Spatial Structures of Qg and Water Chemistry

Woods et al. (1995) demonstrated for two catchments that the SD of Qs had a greater decrease with an
increase in catchment area than for random mixing. However, Asano and Uchida (2010) reported that the
SD of the Si concentration decreased less with increasing catchment area than for the random mixing case.
It should be noted that the limited number of parameters and catchments resulted in difficulty in interpret-
ing the results of these two studies. In this study, we used three catchments, which included many subcatch-
ments, and multiple parameters (Qs and the nine water chemistry parameters). The SD and CV of Qg
decreased more with increasing catchment area than for the random mixing case in all three catchments
(Table 2) but decreased less with increasing catchment area than for the random mixing case for most water
chemistry parameters (Table 2 and Figure 6). Thus, we demonstrated that the difference in Woods et al.
(1995) and Asano and Uchida (2010) can probably be explained by the difference in their parameters (Q
versus Si).

The average Qs decreased with increasing catchment area (Figures 4 and 7). Based on previous studies con-
ducted in steep forest headwater catchments similar as our sites, we speculate that groundwater infiltration
from the stream to underground aquifers (e.g., Payn et al., 2009) and/or a difference in Qg between a valley
head and its side slopes (Fujimoto et al., 2008, 2011) caused the decreases in average Qs (Figure 4). This
would lead to larger and smaller values of Qs tended to appear in the valley heads of first-order streams
and in downstream sites, respectively. Furthermore, according to the ana-
lyses of D,y of Qs, the Qg values in neighboring first-order catchments
were dissimilar in Kusaki and Oborasawa. This meant a similar spatial
structure as mentioned above, that is, larger and smaller Qg values in
two neighboring catchments. This situation may be due to groundwater

exchange across the catchment boundary (Aishlin & McNamara, 2011;

3sp Scv Genereux et al., 2005). Differences in vegetation and soil layer thickness

Qs Water chemistry® Qs Water chemistry are also potential influencing factors (Karlsen et al., 2016). As a result,

el _0.82 0.09 + 0.30 063 0.01 + 0.24 the main catchment consists of groups of subcatchments with signifi-

Kusaki 143 —0.29 ; 0.21 —0.78 027 ; 0.20 cantly differing Qg values and the 8sp and 8¢y of Qg will decrease more
Oborasawa ~—101  —027+015  —0.53  —0.24+0.19 than the random mixing case (Figure 8a).

Note. Values for water chemistry parameters are expressed as the average

+ standard deviation.

#All water chemistry parameters are pooled.

Here, we have to keep in mind the possibility that the way we chose obser-
vation points could impact the Q results. We did not observe points with-
out surface water although their catchment areas were sometimes larger
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Figure 6. Comparisons of (a) 8sp and (b) 8¢y values among parameters. A, B, and M indicate water chemistry derived
from atmospheric inputs, biological activities, and mineral weathering, respectively, and Qg denotes specific discharge.

The bin width was set to 0.1. Different letters indicate significant differences among groups within each rate of decrease (¢
test with Holm's method; p < 0.05). 8sp and 8¢y were —0.5 for the random mixing case. Smaller and greater values than
—0.5 indicate more and less steep decreases, respectively, than for the random mixing case (see Figure 1 and section 2.3.1).

than the average area of first-order streams. Therefore, the average catchment area of observable first-order
streams tended to become small and their average Qs values may have become larger than when these dry
first-order streams were included. That is, the Qg trends shown in this study may depend on our
observations. Conversely, other observation strategies may lead to different trends in Q,, facilitating the
identification of mechanisms forming the spatial variability of Qs. Therefore, it will be worthwhile to try
different observation strategies in the future, for example, dividing the main catchment into a number of
subcatchments with a fixed catchment area and observing the water volume discharged from each
subcatchment into streams, including zero values. This might provide new perspectives and
interpretations of the spatial structure shown in this study.

In contrast to the case of Q,, the average changes in water chemistry were small in Kusaki and Oborasawa
and increased with catchment area in Inokawa (Figures 4 and 7), and the D, values of the water chemistry
parameters were negative in all catchments (except for the C1™ in Kusaki and Si in Oborasawa; Figure 7).
The D, analysis indicated that the values of water chemistry in neighboring first-order catchments were
similar. This characteristic would lead to the spatial structure of water chemistry that differs from that of
Q; (Figure 8b). As a result, the §sp and dcy values of water chemistry would decrease less than the random
mixing case. The differences in §sp and 8¢y among the three water chemistry groups were not significant
(Figure 6). All sites were fully covered with forests, and we targeted only the areas where the geology
belonged to one group according to the geological map (Figure 2). The concentrations of water in first-order
streams had a poor or no correlation with the average slope, elevation, and topographic wetness index
(except for a positive correlation between SO,>~ and the average slope and for a negative correlation between
Mg2+ and the average elevation in Kusaki; data not shown). The D,qo showed that similar values were
located close together in space. We speculated that this might have occurred due to various factors. For
example, due to the wind direction and/or spatial rainfall pattern, wet and dry deposition would be similar
within neighboring catchments. In the case of NOs~, mineralization/nitrification processes are strongly
dependent on temperature, and it is therefore possible that a similar temperature would cause similar
NO;™ concentrations within neighboring catchments. Although the geology of each site was categorized
as being part of the same group, folding might make the characteristics of sedimentary rocks spatially het-
erogeneous. In future studies, it is necessary to collect detailed landscape information and clarify the factors
leading to the spatial variability of water chemistry within each catchment.

In Inokawa, previous studies revealed that a large amount of groundwater infiltrates into the bedrock of a
small headwater catchment (e.g., Oda et al., 2008), resulting in an increase in the concentrations of mineral
derived solutes, and discharge of groundwater with high concentrations in downstream areas (Egusa et al.,
2016). Water chemistry parameters with a positive relative difference in Inokawa were mineral-derived
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Figure 7. The (a, ¢) 8sp and (b, d) Scv of Qg and water chemistry as a function of (a, b) the relative difference and (c, d) the spatial dissimilarity index (D,qq). Here,
positive and negative values in D,y mean dissimilar and similar parameter values, respectively, are located close together in space. Positive and negative values in

the relative difference indicate the avera;

ge in parameter values increases and decreases with increasing catchment area, respectively (see section 2.3 and equa-

tion (3)). Solid and open symbols denote Qg and water chemistry, respectively. The circle, triangle, and square denote the study catchments of Inokawa, Kusaki, and

Oborasawa, respectively.

solutes (Figure 4a); therefore, it is reasonable to assume that groundwater discharge caused the increases in
concentrations with catchment size. In areas where groundwater was discharged, the concentrations of
mineral derived solutes would be high even in first-order streams and would increase with increasing catch-
ment area. Thus, high concentrations of mineral derived solutes were located close together where ground-
water was discharged. This would cause the positive values of relative difference (Figure 4) and highly
negative values of D, values (Figure 7), resulting in positive rates of decrease in 8sp and Scv (Figure 5).

4.2. Temporal Stability of the Results

Our results were based on one-time sampling under base flow conditions. However, in Inokawa and
Oborasawa, comparisons with other observation campaigns suggest that spatial patterns of Qg and water
chemistry during base flow conditions among the observation points were stable (see section 2.4).
Previous studies also have shown that spatial patterns of water chemistry are temporally stable under base
flow conditions (Abbott et al., 2018; Asano et al., 2009; Temnerud & Bishop, 2005; Zimmer et al., 2013), and
even during stormflow periods (Abbott et al., 2018). For Q, although one study showed that spatial patterns
were not temporally stable (Lyon et al., 2012), others have reported temporally stable spatial patterns (Asano
et al., 2009; Bergstrom et al., 2016). Among these, Asano et al. (2009) targeted a temperate forested head-
water catchment similar to those examined in this study. Therefore, at least under base flow conditions,
the tendencies of our results are likely to be temporally stable.

However, it is unknown whether the tendency will continue during stormflow periods. Flow paths, which
potentially cause a spatial variability of Qs and water chemistry, change substantially with rainfall events
(Bloschl & Sivapalan, 1995). For example, the influence of the flow paths through bedrock would become
relatively smaller, while the influence of a shallow flow path would become larger. In addition, as the mag-
nitude of rainfall increases, the effects of in-stream processes on stream water C, N, and P concentrations are
expected to decrease (Raymond et al., 2016; Wollheim et al., 2018). These changes might increase the role of
surface topography and lead to a different spatial structure and rate of decrease in Qs and water chemistry
from base flow conditions.
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Figure 8. Conceptual diagram showing the influence of the spatial structure of parameters on the decrease of spatial variability with increasing catchment area.
Each numeral denotes a parameter in a stream order catchment. Solid and dotted lines indicate the rate of decrease of cases 1 and 2, and the random mixing
case, respectively. Note that variations in the parameters over the entire catchment are the same in cases 1 and 2. (a) In case 1, the differences between neighboring
low-order stream catchments were relatively large, but the average values of neighboring low-order stream catchments differed relatively little. In this case, dis-
similar values are located close together in space and the rate of decrease was steeper than for the random mixing case. (b) In case 2, the differences between
neighboring low-order stream catchments were small, but the average values of neighboring low-order stream catchments differed greatly. In this case similar
values are located close together in space and the rate of decrease was less steep than for the random mixing case.

Recently, the importance of direct runoff periods for quantifying annual chemical flux has been recognized
(Oda et al., 2011; Raymond & Saiers, 2010; Zarnetske et al., 2018). The study of REA began with investiga-
tions of the spatial variability in rainfall-runoff responses using a hydrological model. However, most subse-
quent empirical studies have examined the spatial variability in stream discharge and water chemistry under
base flow conditions, and only a few studies have examined the spatial variability or REA in direct runoff
periods (Abbott et al., 2018; Didszun & Uhlenbrook, 2008; Karlsen et al., 2016; Zimmer et al., 2013).
Therefore, in future studies, there is a need to determine how to link results obtained under base flow con-
ditions with those in direct runoff periods.

4.3. Implications for REA Determination and Making Effective Observations

Our observation points were located mainly in first- and second-order streams, and their catchment areas
varied from approximately 1 to 10 ha. The REA is generally defined for areas ranging from hundreds to thou-
sands of hectares (e.g., Temnerud & Bishop, 2005; Woods et al., 1995). Thus, there may be a gap in scale
between our study catchment area (<10 ha) and the REA (>100 ha). However, our findings are important
for understanding REA formation and predicting its size. If we assume that random mixing was responsible
for the decrease in CV values of Qs from first-order streams, an observation area 1.7 times greater than the
catchment area of our study is needed to obtain the CV values of the Qs of second-order streams (Figure 9a).
To obtain CV values for the water chemistry, the observation area would only need to be 0.3 times greater
(Figure 9b). Therefore, if we do not consider the deviation from random mixing, there is likely to be a sub-
stantial error in the predicted size of the REA for first-order streams. The 8sp and dcv values determined in
this study could be reference values for predicting the REA in other temperate forest catchments.

The 8sp and d¢vy values of Qs were smaller than those of the water chemistry (Figure 6). However, this does
not mean that there was a smaller REA for Q, than for water chemistry. In first-order streams, the CVs of Qg
were 174 + 64 (n = 3; average + SD) and were clearly larger than the CVs of water chemistry (39 + 23; n =
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Figure 9. Comparison of decreases of the CV with increasing catchment area between Qg and water chemistry parameters. A logarithmic axis is used for all vari-
ables. Points and error bars show the averages and SDs of the CV in each stream order, respectively. The catchment area for each stream order is the average value of
three catchments. Solid and dotted lines show actual decreases in the CV with increasing catchment area and the cases when we assumed random mixing for first-
order streams, respectively.

26). The CVs of Qs and water chemistry were 55 + 13 (n = 3) and 31 + 22 (n = 26), respectively, in second-
order streams. Therefore, the differences in 8sp and ¢y values between Qg and water chemistry might cause
the similar sizes of the REA of Qg and water chemistry in our site.

Woods et al. (1995) and Asano and Uchida (2010) showed that the decrease in variability gradually followed
random mixing theory as the catchment area increased. However, McGuire et al. (2014) demonstrated the
existence of hierarchical spatial structures within stream water chemistry in a catchment of a few hundred
hectares. Some studies have also shown that groundwater discharge increases with catchment area and
strongly influences stream discharge and water chemistry (Egusa et al., 2016; Frisbee et al., 2011; Peralta-
Tapia et al., 2015; Shaman et al., 2004; Wolock et al., 1997). Therefore, it will be an important future task
to clarify tendencies in larger-scale catchments, preferably using spatially independent stream discharge
and water chemistry data.

The relationships between the spatial variability in stream discharge and catchment area demonstrated in
this study will be important information for designing future monitoring strategies. Most field observations
of hillslope hydrology have been conducted at hillslope scales <1 ha (Uchida et al., 2005). In Japan, high
rainfall and steep terrain cause large sediment fluxes (Hiraoka et al., 2015; Hotta et al., 2007), which make
it a difficult to maintain weirs, even in an area of a few tens of hectares. Thus, often, we cannot observe
points with a larger area than the REA. In such situations, averaging stream discharge from multiple small
catchments and obtaining representative values for the surrounding catchments can perhaps be a realistic
alternative. Our results show that the spatial variability of Qs had a greater decrease than the random mixing
from first- to second-order streams. Random mixing uses the same operation as random sampling for calcu-
lating the decrease in spatial variability, with an increasing number of samples. Therefore, it might be a more
effective approach to observe stream discharge in second-order streams than in first-order streams.

4.4. Implications for Studies of Spatial Structure

Spatial structure provides major clues for underlying mechanism in various fields including hydrology, bio-
geochemistry, geomorphology, and ecology (e.g., Rietkerk et al., 2004; Rodriguez-Iturbe & Rinaldo, 1997)
and is important for ecological management point of view. For example, it is essential to understand where
and when stream nitrogen and phosphorous concentrations should be observed and/or how to manage
catchments to reduce them, because high concentrations of nitrogen and phosphorous can increase harmful
algae blooms (Heisler et al., 2008) and cause marine dead zones (Diaz & Rosenberg, 2008). McClain et al.
(2003) highlighted the importance of recognizing hot spots and hot moments of biogeochemical and ecolo-
gical processes for management purposes. Although the hot spot and hot moment concepts have been
widely accepted in biogeochemical and ecological fields (reviewed by Vidon et al., 2010, and Bernhardt
et al., 2017), it is insufficient at present to quantify temporal and spatial scale of hot spot and hot moment
(Bernhardt et al., 2017). Abbott et al. (2018) attempted to determine the spatial structure and scale of hot
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spots using points where there was a sudden decrease in the water chemical flux with increasing catchment
area. Our analysis showed that decreases in spatial variability of stream discharge and water chemistry with
increasing catchment area were related to their spatial similarity (Figure 7), suggesting that the rate of
decrease in this study could be a promising indicator of the spatial structure and scale of hot spots. When
the rate of decrease was positive, the clear hot spots in space were observed. When the rate of decrease
was between 0 and —0.5, although spatial variability decreased with increasing catchment area, similar para-
meter values were still located close together in space. Thus, the size of hot spots would be changed by the
threshold values of parameters that define hot spots.

In this study, the observation points were classified by their stream order, and the spatial resolution was not
very high. Previous studies reported new findings in hydrological and biogeochemical fields by increasing
the temporal resolution (e.g., Kirchner & Neal, 2013). Therefore, increasing the spatial resolution of our
methods might allow for detection of a more detailed spatial structure and contribute to the quantification
of the scale of hot spots. Our study sites were in temperate forest catchments. Recently, it has been reported
that a difference in biome might create different spatial structures (Pinay et al., 2018). In the future, similar
observations should be made in the catchments of various biomes and the results compared.

5. Conclusions

This study demonstrated that the spatial variability of stream discharge and water chemistry decreased
with increasing catchment area at a rate greater and less than those estimated by simple mixing of ran-
dom variables, respectively, providing a unified view that explains different results of two previous stu-
dies (Asano & Uchida, 2010; Woods et al., 1995). The difference between stream discharge and water
chemistry could be explained by their different spatial structures, with dissimilar values of stream dis-
charge and similar values of water chemistry, respectively, located close together in space. Our results
also suggest that the rates of variation decrease with catchment area in stream discharge and water
chemistry significantly impacted the determination of the REA (Wood et al., 1988). Several hypotheses
for the driving factors of the rates of variation decrease with catchment area among catchments and
for the stream discharge and chemical parameters were proposed and must be verified in future studies.
This verification will provide further information regarding the spatial structure of stream discharge and
water chemistry within large-scale catchments, providing a powerful and promising tool for predicting
the REA and contributing to efforts making inferences and generalizations about ungauged or poorly
monitored catchments.
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