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Abstract

The quantitative evaluation of the effects of bedrock groundwater discharge on spa-
tial variability of stream dissolved organic carbon (DOC), dissolved inorganic nitrogen
(DIN) and dissolved inorganic phosphorous (DIP) concentrations has still been insuffi-
cient. We examined the relationships between stream DOC, DIN and DIP concentra-
tions and bedrock groundwater contribution to stream water in forest headwater
catchments in warm-humid climate zones. We sampled stream water and bedrock
springs at multiple points in September and December 2013 in a 5 km? forest head-
water catchment in Japan and sampled groundwater in soil layer in small hillslopes.
We assumed that stream water consisted of four end members, groundwater in soil
layer and three types of bedrock groundwater, and calculated the contributions of
each end member to stream water from mineral-derived solute concentrations. DOC,
DIN and DIP concentrations in stream water were compared with the calculated bed-
rock groundwater contribution. The bedrock groundwater contribution had signifi-
cant negative linear correlation with stream DOC concentration, no significant
correlation with stream DIN concentration, and significant positive linear correlation
with stream DIP concentration. These results highlighted the importance of bedrock
groundwater discharge in establishing stream DOC and DIP concentrations. In addi-
tion, stream DOC and DIP concentrations were higher and lower, respectively, than
those expected from end member mixing of groundwater in soil layer and bedrock
springs. Spatial heterogeneity of DOC and DIP concentrations in groundwater and/or
in-stream DOC production and DIP uptake were the probable reasons for these dis-
crepancies. Our results indicate that the relationships between spatial variability of
stream DOC, DIN and DIP concentrations and bedrock groundwater contribution are
useful for comparing the processes that affect stream DOC, DIN and DIP concentra-
tions among catchments beyond the spatial heterogeneity of hydrological and bio-

geochemical processes within a catchment.
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1 | INTRODUCTION

Carbon (C), Nitrogen (N), and Phosphorous (P) in stream water greatly
affect aquatic ecosystems. Dissolved organic carbon (DOC) is espe-
cially important among the various forms of C in water because it can
be a major energy source for organisms in streams (see review in
Kaplan & Newbold, 1993) and transports metals such as mercury
(Ravichandran, 2004) and iron (Sholkovitz & Copland, 1981). N and/or
P or both can largely limit the primary production of aquatic ecosys-
tems (Elser et al., 1990, 2007), while, excessive N and P cause harmful
algal growth (Heisler et al., 2008), and dead zones in the sea area
(Diaz & Rosenberg, 2008). Among various forms of N and P, dissolved
inorganic N and P (DIN and DIP, respectively) can be easily used by
plants and algae, and thus their importance has been especially
emphasized by many previous studies. Therefore, it is necessary to
fully elucidate the mechanism and predict the spatial variability of
stream DOC, DIN and DIP concentrations.

In Japan, the forest area occupies 67% of the land (Japan Forestry
Agency, 2012) and is in the mountainous headwaters (Sawano
et al., 2005), which are major sources of water resources. Thus, it is
important to obtain knowledge for DOC, DIN and DIP in forest head-
water catchments (less than a few tens of km?). Previous research has
revealed that a large variety of factors affected the spatial variability
of stream DOC, DIN and DIP concentrations in forest headwater
catchments. Generally, stream discharge and water chemistry in forest
catchments are greatly affected by runoff sources and flow paths that
compose the stream water, and therefore, it is vital to understand the
compositions of the runoff sources and flow paths (McDonnell, 2003).
Wetlands (e.g., Agren et al., 2007; Buffam et al., 2007; Dillon &
Molot, 1997) and riparian zones (McGlynn & McDonnell, 2003) could
be the main sources of DOC, and thus the stream DOC concentration
tends to increase with the portion of their area in the catchment. In
addition to runoff sources and flow paths, many biogeochemical pro-
cesses affected stream DOC, DIN and DIP concentrations. Deforesta-
tion would change biogeochemical processes in the soil and
apparently increases stream DOC and DIN concentrations
(e.g., Feller & Kimmins, 1984; Likens et al., 1970; Nieminen, 2004).
Besides, a lot of studies have shown that the production and uptake
of DOC, DIN and DIP in stream channels, that is, in-stream process,
greatly affected stream DOC, DIN and DIP concentrations (reviewed
by Cirmo & McDonnell, 1997; Mineau et al, 2016; Ranalli &
Macalady, 2010; Withers & Jarvie, 2008). It was reported that higher
concentrations of DIN and DIP in stream water (Mulholland
et al., 2008), higher primary production rates and ecosystem respira-
tion rates in stream (Fellows et al., 2006; Hall & Tank, 2003), and
larger volumes of the pool and the hyporheic zone in stream channels
(Hall et al.,, 2002; Mulholland et al., 1997) facilitated DIN and DIP
uptake in stream channels.

Among the various runoff sources and flow paths that compose
the stream water, groundwater discharge through deep flow paths,
including bedrock, is a significant potential process that affects the
spatial variability of the stream DOC, DIN and DIP concentrations in
forest headwater catchments. Since the 1980s, it has been empirically

shown that groundwater discharge through bedrock had a large influ-
ence on stream water discharge, chemistry, and residence time in
many forest headwater catchments (e.g., Genereux et al., 2005; Hale &
McDonnell, 2016; lwasaki et al., 2015; Katsuyama et al., 2010; Kosugi
et al., 2006; Pfister et al, 2017; Soulsby et al, 2007; Uchida
et al., 2003). Moreover, in recent years, the framework of critical zone
science, which explores complex interactions involving rock, soil,
water, air, and living organisms, has been receiving attention globally
(e.g., Giardino & Houser, 2015; Riebe et al., 2017). Despite the strong
interests in bedrock groundwater dynamics, only a few studies have
investigated the effects of groundwater discharge through bedrock on
spatial variability of stream DOC, DIN and DIP concentrations to date.
These previous studies have reported that bedrock groundwater dis-
charge decreased stream DOC concentrations (Peralta-Tapia
et al., 2015; Tiwari et al., 2017), and increased stream DIP concentra-
tions (Pringle et al., 1993) and stream DIN concentrations in summer
(Burns et al., 1998). Although these studies provide useful informa-
tion, their target area covered only a limited range of geology and cli-
mate. Therefore, it is difficult to generalize these results. For example,
the comparisons between spatial variability of stream DOC concentra-
tion and bedrock groundwater contribution to stream water using
more than a few tens of points' observations have been conducted
only in boreal catchments, which have remarkable seasonality of
freezing and thawing from winter to spring and many lakes and mires
as DOC sources.

Therefore, our objectives were to elucidate the effects of bedrock
groundwater discharge on spatial variability of stream DOC, DIN and
DIP concentrations in forest headwater catchments in warm-humid
climate zones. To achieve this, we sampled stream water at multiple
points and calculated the bedrock groundwater contribution to stream
water from the concentrations of mineral-derived solutes. Then, we
examined the relationships between stream DOC, DIN and DIP con-

centrations and bedrock groundwater contribution to stream water.

2 | MATERIALS AND METHODS

21 | Site description
This study was conducted in Inokawa catchment located in the
Kiyosumi mountain, Boso Peninsula, Japan (35°12'N, 140°06’E;
Figure 1). The catchment area of Inokawa is 5.07 km? and
Fukuroyamasawa Experimental Watershed (FEW; 0.02 km?) is in the
northwest within Inokawa catchment. The altitude ranges from 90 to
346 m a.s.l. and the average slope is 31°. The climate is warm and
humid with the mean annual rainfall of 2304 mm (from 1994 to 2010)
and with the annual mean temperature of 13.7°C (from 2006 to
2010). In usual years, Inokawa experiences abundant rainfall in rainy
season (from June to July) and in typhoon season (from September to
October). The minimum and maximum monthly mean temperature is
1.8°C in January and 24.8°C in August, respectively.

The bedrock of Inokawa is classified as Neogene age sedimentary

rock and composed of sandstone and mudstone derived from
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FIGURE 1 Topography and bedrock
geology of Inokawa. The solid square
show Fukuroyamasawa Experimental
Watershed (FEW) and the solid triangle

A

indicate a meteorological station. Blue
and grey lines mean streams and contours N
of 20 m interval, respectively. Solid circles
in FEW indicate the areas where
groundwater in soil layer were sampled
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subseafloor sediments (Nakajima et al., 1981). The proportion of sand-
stone and mudstone is not spatially uniform (Figure 1). We named the
area of thicker turbidite sandstones as sandstone area and the area of
massive bluish-grey mudstone that was likely deposited in a hem-
ipelagic mud belt on the continental shelf as mudstone area. Most
observation points in the present study were in the areas of these
two geological groups. (Figure 2). There are no significant differences
in the ranges of ion concentrations and in relative proportion of major
ions between stream water of sandstone area and mudstone area
(Egusa et al., 2016). Therefore, this study did not consider the geologi-
cal heterogeneity within the catchment. The soil is mostly classified as
Cambisol. Conifers and broad-leaf trees covered 46% and 54% of the
catchment area, respectively.

Stream discharges have been continuously monitored at FEW.
The altitude of FEW ranges from 126 to 230 m a.s.l. The FEW con-
sists of two adjacent catchments. The north catchment is catchment
A (FEW-A; 0.008 km?) and the south catchment is catchment B
(FEW-B; 0.011 km?) (Figure 1). The average slopes are 34.2° in
FEW-A and 33.4° in FEW-B. The mean soil depths were 2.87 m in
FEW-A and 2.22 m in FEW-B. In 2013, FEW-A was covered by
80-year-old Japanese cedar (Cryptomeria japonica) and cypress
(Chamaecyparis obtusa), and FEW-B was covered by 13-year-old of
them. Thinning of 5% or less trees was carried out in FEW-B in March
2013. Then, 13% of remaining trees in FEW-B were brought down by
heavy snow from January to March 2014.

In Inokawa, previous studies have revealed that a large amount of
groundwater infiltrates into the bedrock in small catchments (Oda
et al, 2008) and that groundwater with high concentrations of
chemicals discharged in downstream areas (Egusa et al., 2016). There-

fore, this site was assumed to be suitable for the objective of this

1,000 500 0 1,000 m
N TN

study (i.e., to examine the effect of groundwater discharge on spatial
variability of stream DOC, DIN and DIP concentrations).

2.2 | Samplings and measurements

In this study, we compared the bedrock groundwater contributions
with the stream DOC, DIN and DIP concentrations. The concentra-
tions of the mineral-derived solutes of the stream water, groundwater
in soil layer, and bedrock groundwater were necessary to calculate
the bedrock groundwater contribution (Section 2.3.1.). Therefore, we
sampled the stream water and bedrock springs at multiple points in
Inokawa (Section 2.2.1). The groundwater in soil layer was sampled at
FEW (Section 2.2.2). We also measured the DOC, DIN and DIP con-
centrations of the groundwater in soil layer and the bedrock springs

to compare with those of the stream water.

221 |
springs

Samplings of stream water and bedrock

We sampled stream water such that the gradient of the bedrock
groundwater discharge in our catchments was sufficiently captured.
Specifically, we comprehensively sampled stream water from small-
scale catchments (<0.1 km?) to large-scale catchments (>1 km?),
including many small-scale catchments. This was because small-scale
catchments generally have large spatial variations of bedrock ground-
water contribution to stream water (e.g., Egusa et al., 2016; Peralta-
Tapia et al., 2015; Uchida & Asano, 2010) and because, in our catch-
ments, bedrock groundwater discharge increased with an increase of
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FIGURE 2 Sampling points of stream water and bedrock springs. The numbers in the figure are for each bedrock spring and correspond to
the numbers in Table 1. We show only the points which were used for the analysis. Solid square means the location were stream water was taken

for agricultural use in summer

catchment area (Egusa et al., 2016). We walked up along several
streams and mainly sampled in the points where tributaries conflu-
ence. In addition, we sampled within a few days to minimize the effect
of temporal variations on the results.

We sampled stream water at 64 points in 10-12 September 2013
and at 72 points in 18-19 December 2013 (Figure 2). 37 points of
stream water were common to both periods. Bedrock springs were
sampled at four points for each sampling campaign. The mean air tem-
peratures were 21.8 and 4.2°C in September and December cam-
paigns, respectively.

Although each sampling was conducted at base flow conditions
(Figure 3a), a few amounts of rain fell in the sampling periods. There
was only 3.7 mm of rainfall in 4 days just before our September sam-
pling (Figure 3b). Then, 3.5 mm of rain fell from the evening of
September 10 to the morning of September 11 and 3.5 mm of rain fell
at the noon of September 11. Stream discharge of FEW-B slightly
increased at the noon of September 11 due to the rainfall event.
However, the impact of these rainfall events on our results would be
negligible, because the rainfall rate was small and we sampled bedrock
springs and main streams, which had high contribution of bedrock
groundwater discharge, in the afternoon of September 11. There was
no rainfall in the week before our December sampling (Figure 3a).
Then, 14 mm of rain fell from the evening of December 18 to the
morning of December 19 and it continued to rain until the end of our
sampling campaign (Figure 3c). We compared the electrical

conductivity (EC) at the points sampled on December 18 and 19 with
EC at the same points in September. The slopes of the linear regres-
sions are 1.2 (R? = 0.60, n = 31) for December 18 and 0.75 (R? = 0.45,
n = 6) for December 19, suggesting that the sampling on December
19 were largely affected by the rainfall event. Therefore, this study
used stream water samples on December 18 and bedrock spring sam-
ples on December 19 for analysis.

We calculated the catchment area only for stream water samples
on ArcGIS. We excluded the points where the location could not be
identified on the map because their catchment area could not be cal-
culated. Because stream water is taken for agricultural use at a point
in summer season (Figure 2a), we did not use the stream water sam-
ples of downstream of the point in our September sampling. Conse-
quently, 60 points of stream water and four points of bedrock springs
and 37 points of stream water and four points of bedrock springs
were used for analysis in September and December, respectively
(Figure 2). Additionally, this study used the data of mineral-derived
solutes concentrations of bedrock springs, which were observed from
2008 to 2009 (n = 11) for the analysis described in Section 2.3.1.

2.2.2 | Sampling of groundwater in soil layer

Groundwater in soil layer was collected in FEW using a PVC tube with a
diameter of approximately 10 cm, which has small holes opened with an
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electric drill for collecting groundwater at the targeted depth. Two and
three wells with a depth of 200-300 cm were installed in FEW-A and
FEW-B, respectively. Although, our water sampling period was from
2011 to 2014, the period during which data was available differed for
each solute. Mineral-derived solutes concentrations were measured in
2012 (n = 28). DOC, DIN and DIP concentrations were measured from
2012 to 2014 (n = 35), from 2011 to 2014 (h = 71), and from 2013 to
2014 (n = 17), respectively. DOC, DIN, and mineral-derived solutes con-
centrations were measured for samples of both FEW-A and FEW-B,

while DIP concentration was measured only for samples of FEW-B.

2.2.3 | Water chemistry analysis

EC was measured using an EC meter (B173; Horiba, Kyoto, Japan).
Samples were filtered using 0.45 pm pore size membrane filter, then
samples for DIP analysis were frozen and those for other analyses were
refrigerated until analysis. The concentrations of major ions (Na*, NH,",
Mg?*, Ca?*, CI-, NO;~ and SO,%7) were analyzed using ion

Days of Dec 2013

chromatography (LC10-A; Shimadzu, Kyoto, Japan). We defined the
DIN concentration as the sum of NO3~ and NH,4* concentrations. The
detection limits of NO3;~ and NH,* concentrations were both
0.1 pmol/L. The DOC concentration was analyzed by a wet oxidation
method using a total organic carbon meter (TOC-V WP; Shimadzu,
Kyoto, Japan). The detection limit of DOC concentration was 0.5 pg/L.
The DIP concentration was analyzed by an ascorbic acid-molybdenum
blue method using a spectrophotometer (V-550; Jasco, Tokyo, Japan).
The detection limit of DIP concentration was 0.05 pmol/L.

2.3 | Data analysis

23.1 | Calculation of bedrock groundwater
contribution of stream water using end member
mixing analysis

We used End Member Mixing Analysis (EMMA; Hooper et al., 1990)
to calculate bedrock groundwater contribution in stream water for
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each observation point. In Inokawa, Egusa et al. (2016) already per-
formed EMMA with the stream water and groundwater data that
were obtained from 2008 to 2012. We conducted EMMA with our
newly obtained stream water data in 2013 and groundwater data,
including the observations from 2013. That is, no past analysis results
from Egusa et al. (2016) were used in this study. This is because the
locations of the sampling points were slightly different among the
sampling campaigns, and because the DOC and DIP concentrations of
the stream water samples were not measured in or before 2012.

At first, we made the following two assumptions: (1) Stream water
is formed by mixing of groundwater through soil and bedrock, and thus
the difference in the mixing ratio causes the spatial variability of the
concentrations of mineral-derived solutes (Na*, Mg?*, Ca®*, CI~ and
504%7). (2) The concentrations of mineral-derived solutes of groundwa-
ter through soil and bedrock are represented by the observed values of
groundwater in soil layer in FEW and bedrock springs, respectively.
Egusa et al. (2016) showed that concentrations of mineral-derived sol-
utes in the groundwater in soil layer did not largely change below
100 cm of soil depth, that concentrations of mineral-derived solutes in
bedrock springs were clearly higher than those of the groundwater in
soil layer, and that concentrations of mineral-derived solutes in stream
water were almost between those of the groundwater in soil layer and
bedrock springs. These previous findings supported the above two
assumptions. In addition, we sampled the surface soil at seven points in
Inokawa and analyzed the samples to confirm the validity of our
assumption that the mineral-derived solutes of the groundwater
through soil in the whole catchment are represented by the observed
values of the groundwater in the soil layer of FEW (Data S1).

Egusa et al. (2016) classified bedrock groundwater types in
Inokawa according to the bedrock spring's chemistry. The first type
had higher Ca?" concentration (Ca%* > 800 pmol/L) than the ground-
water in soil layer. The second and the third types were characterized
by their high Na* concentration (Na* > 1500 pmol/L) and high Na*
and CI~ concentrations (Na* > 1500 pmol/L and CI~ > 500 pmol/L),
respectively. The discharge rates of these three types of bedrock
groundwater were related to the altitude. The first, the second, and
the third types discharged within the whole catchment, at

Soil layer

(~200 cm) . Increasing catchment area

Bedrock layer

™~ “nmn
. EM3 —

A T~ —
N 5 g m

FIGURE 4 Conceptual diagram of flow paths in Inokawa. The
thick solid line shows the ground surface, the dotted line indicates the
boundary between the soil layer and the bedrock layer, and the thin
solid line means the water table. Arrows show the flow pathway of
soil water and groundwater. EM1-4 indicate four end members,
respectively (See Section 2.3.1)

150-170 m, and below 150 m, respectively, indicating each type of
bedrock groundwater was probably discharged from spatially inde-
pendent groundwater aquifers.

Therefore, we decided to separate stream water into four end
members, groundwater in soil layer and three types of bedrock
groundwater as Egusa et al. (2016) did (Figure 4). This study referred
to groundwater in soil layer as End Member 1 (hereinafter EM1). The
first, the second, and the third types of bedrock groundwater were
referred to as End Member 2 (EM2), End Member 3 (EM3), and End
Member 4 (EM4), respectively. To separate into four end members,
three different chemical concentrations or scores of principal compo-
nent analysis (PCA) were needed. We calculated from first to third
PCA scores with the concentrations of mineral-derived solutes of
97 points of stream water sampled in this study. In addition, for each
end member, mineral-derived solutes concentrations were converted
to PCA scores using principle component loadings.

Then, we used the PCA scores of the four end members and cal-
culated the contribution ratio (R) of four end members to stream
water for each sampling point as follow.

ZEMscorei,j -Ri = Strscore; (1)

> Ri=1, (2)

where, the subscript i and j represent four end members and three
PCA scores, respectively. EMscore and Strscore indicate PCA scores of
end members and stream water, respectively. We calculated R by ana-
lytically solving the resulting simultaneous linear equations. When the
R dipped below zero, it was recalculated as zero. The four end mem-
EMMA were shown in the results

ber values used for

section (Section 3.3).

2.3.2 | Uncertainty analysis

We evaluated the magnitude of the uncertainty generated by the spa-
tiotemporal distributions of PCA scores for each end member. 100 000
sets of end members, which had different combinations of PCA scores,
were generated randomly based on the observed mean values and SDs
of them. For each observed stream water sample, we calculated bed-
rock groundwater contribution repeatedly using all sets of generated
endmember values and examined the variation of bedrock groundwater

contribution. We used normal distribution for random value generation.

3 | RESULTS

3.1 | DOC, DIN and DIP concentrations in stream
water and bedrock springs

DOC concentration of stream water in less than 0.1 km? catchments var-

ied widely in the range of 1-15 mgC/L for September and 1-5 mgC/L
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catchment area. The grey and white circles indicate observed values in September and in December 2013, respectively

for December (Figure 5a). Then, DOC concentration and the variation of
it decreased with increasing catchment area. The DOC concentrations at
the most downstream point (4.0 km? for September and 5.0 km? for
December) were 3.1 and 1.6 mgC/L in September and December,
respectively. The DOC concentrations in December were lower than
those in September (p < 0.001, Mann-Whitney U test). In September
samplings, NH4* concentration was detected at 18 points and the mean
NH," concentration at all points was 2.5 pmol/L, while NH4* concentra-
tion was below the detection limit in all points of December samplings.
The variation of DIN concentration decreased with increasing catchment
area and the concentration converged on approximately 20 pmol/L in
catchments greater than 1 km? in area (Figure 5b). The DIN concentra-
tions at the most downstream point were 25.9 and 19.5 pmol/L in
September and December, respectively. The DIP concentration
increased with increasing catchment area, especially above 0.1 km?
(Figure 5c). The DIP concentrations at the most downstream point were
2.9 and 2.6 pmol/L in September and December, respectively. EC
showed a similar tendency to DIP concentration, and the value increased
with increasing catchment area (Figure 5d). EC values roughly corre-
spond to the concentrations of mineral-derived solutes. The range of
observed EC values was similar to that in Egusa et al. (2016) (100--
600 uS/cm), which observed more than 150 points in Inokawa. That is,
stream water samplings in this study could capture the whole ranges in

mineral-derived solutes concentrations and probably in the bedrock
groundwater contribution of the targeted catchment.

Table 1 shows the spring water DOC, DIN and DIP concentra-
tions. DOC and DIP concentrations in spring water did not differ
between September and December. DIN concentration was higher in
September than in December, and the composition of DIN was quite
different between the two sampling periods. The spring waters in
September had high NH,* and low NO3~ concentrations, while those
in December had high NO3™ concentrations and lower NH,* concen-
trations than the detection limit. The DOC concentration of spring
water ranged from 0.6 to 1.6 mgC/L, with many values near 1.0
mgC/L. In September, the DIN concentration of bedrock springs var-
ied in the range of 53.4-126.5 pmol/L. While in December, DIN con-
centration of bedrock springs was at most 40.2 pmol/L and was
below the detection limit at one of four springs. The DIP concentra-

tion of bedrock springs ranged from 2.8 to 9.6 pmol/L.
3.2 | DOC, DIN and DIP concentrations of
groundwater in soil layer observed at FEW

Figure 6 shows the temporal changes in the DOC, DIN and DIP
concentrations of the groundwater in soil layer observed at FEW.
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TABLE 1 DOC, DIN and DIP concentrations of bedrock springs
Numbers on DOC DIN NO;~ NH4* DIP End
Sampling date the map (mgC/L) (umol/L) (umol/L) (pmol/L) (umol/L) member type
11 September 1 0.98 61.7 0.1 616 6.6 EM3
2013
11 September 2 0.89 534 BDL 534 6.7 EM4
2013
11 September 3 1.11 724 0.5 72.0 8.7 EM4
2013
11 September 4 1.53 126.5 5.8 120.7 9.2 EM4
2013
19 December 5 0.62 19.8 19.8 BDL 2.8 EM2
2013
19 December 6 1.05 34.6 34.6 BDL 7.3 EM3
2013
19 December 7 1.09 40.2 40.2 BDL 8.7 EM4
2013
19 December 8 1.58 BDL BDL BDL 9.6 EM4
2013

Note: Numbers on the map correspond to the numbers on Figure 2. The classification criteria of each end member type is described in Section 2.3.1. BDL

indicates below the detection limit (Section 2.2.3).

FIGURE 6 Temporal changes in

(a) DOC, (b) DIN, and (c) DIP
concentrations of groundwater in soil
layer sampled at the Fukuroyamasawa
Experimental Watershed (FEW) open
circles and error bars indicate mean values
and SDs over the entire period,

respectively. Shaded periods show the

periods of 1 month before and after our
stream water sampling campaigns
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The DOC, DIN and DIP concentrations varied widely in time and
space. No clear seasonality was established for any solute.
Although the observed values at FEW-B in 2013 and 2014 may
have been affected by thinning and snow (Section 2.1), there
was no clear difference in the observed values for different
years. The variation in the DIN concentrations was substantial,
and one sample contained a DIN concentration of more than
800 pmol/L (8 September 2011), which was far from our plotted

range. The mean ratios of NO3~ to the sum of NO3z~ and NH,"

JEMAMJ JASOND J FMAMJ JASOND J EMAMJ JASONDJI—KL-‘%IJ JASOND Mean

2014 & SD

were approximately 80%, indicating that most of the DIN
was NO3™.

The mean and SDs of the DOC, DIN and DIP concentrations over
the entire period were 1.9 + 1.6 mgC/L (n = 35), 37.1 + 105.3 pmol/L
(n = 71), and 0.4 + 0.3 pmol/L (n = 17), respectively. The DOC, DIN
and DIP concentrations observed within 1 month before and after our
stream water sampling campaigns, which are shown with shaded areas
in Figure 6, were nearly within the ranges indicated by the mean and

SD for the entire period.
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3.3 | Relationships between spatial variability of
stream DOC, DIN and DIP concentrations and bedrock
groundwater contribution

We converted the mineral-derived solutes concentrations (Na*, Mg?*,
Ca?*, CI~ and 5O,27) of our stream water samples into the PCA scores
(Figure 7). The cumulative contribution ratios from first to third princi-
pal components were 78.8%, 94.3% and 98.1%, respectively, meaning
up to third PCA scores could sufficiently explain the variations in the
concentrations of mineral-derived solutes in stream water. Although
one point in December had extremely high first PCA score (First PCA
Score = 8.1), other points were almost located within the range mar-
ked by four end members. That is, it is appropriate to perform EMMA
using the four end members shown in this figure. We summarized the
values of end members and their SDs in Table 2.

Figure 8 shows the relationships between bedrock groundwater
contribution to stream water, which was the sum of contribution rates
of each bedrock groundwater, and the stream DOC, DIN and DIP con-
centrations. The bedrock groundwater contribution had significant
negative linear correlations with stream DOC concentration
(R% =0.43, p < 0.001 for Sep; R? = 0.12, p < 0.05 for Dec; Figure 8a,d),
no significant correlation with stream DIN concentration (p = 0.84 for
Sep; p = 0.27 for Dec; Figure 8b,e), and significant positive linear cor-

relations with stream DIP concentration (R? = 0.65, p < 0.001 for Sep;

R? = 0.15, p < 0.05 for Dec; Figure 8¢,f). The figures also show the
DOC, DIN and DIP concentrations of groundwater in soil layer
observed at FEW and bedrock springs. If DOC, DIN and DIP concen-
trations of stream water were formed by the end member mixing of
groundwater in soil layer observed at FEW and bedrock springs, the
concentrations in stream water would be plotted on the line con-
necting the concentrations of groundwater in soil layer and bedrock
springs. DOC concentrations of stream water were plotted above the
line connecting the concentrations of groundwater in soil layer and
bedrock springs, particularly in September (Figure 8a,d). The DIN con-
centrations of stream water were mostly within the range in SDs of
the concentrations of groundwater in soil layer and bedrock springs
(Figure 8b,e). The DIP concentrations were plotted below the line
connecting the concentrations of groundwater in soil layer and bed-

rock springs, particularly in December (Figure 8c,f).

4 | DISCUSSION AND CONCLUSIONS

4.1 | Interpretation of the results

In our site, stream DOC and DIP concentrations had significant cor-
relations with bedrock groundwater contributions (Figure 8a,c,d,f).
Correlation coefficients of these relationships were higher in

© Stream water (Sep)
|| O Stream water (Dec)
O GW at FEW

| @ Spring (type-A)

Bl Spring (type-B)

|| & Spring (type-C)
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FIGURE 7
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First PCA score

Principle component analysis (PCA) scores of stream water and end members. The grey and white circles indicate stream water in

September and in December 2013, respectively. GW indicates groundwater in soil layer sampled at the Fukuroyamasawa Experimental
Watershed (FEW). Spring means bedrock springs observed in Inokawa. The classification criteria of springs of type-A, B, and C were described in
Section 2.3.1. The error bars represent the SD of the PCA scores of each end member

TABLE 2

PCA scores of end

members

End Member 1
End Member 2
End Member 3
End Member 4

First PCA score

Second PCA score

Third PCA score

-2.42 +£0.70 0.43 +0.03 -0.12 £ 0.39
1.91+£1.26 -1.49 £0.56 —1.00 £ 0.05
314+ 133 -0.37£0.12 1.55£0.67
7.03 +5.42 7.83 £4.48 0.38 £ 0.21

Note: Values are expressed as the average + SD.
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FIGURE 8 Relationships between the bedrock groundwater contribution in stream water and DOC, DIN and DIP concentrations. The
bedrock contribution indicates the sum of the contribution ratios of EM2-4. The grey and white circles indicate stream water in September and in
December 2013, respectively. The solid triangles show the average concentrations of groundwater in soil layer observed at the Fukuroyamasawa
Experimental Watershed (FEW) and bedrock springs, and the vertical error bars with them mean the SD of them. The horizontal error bars
represent the SD of bedrock groundwater contribution. Solid lines indicate regression lines for the results, which are shown only for significant
relationships at a significant level of 5%

September than in December. We did not find any significant rela- negative relationships between DOC concentrations and bedrock
tionship between DIN concentrations and bedrock groundwater groundwater contributions in this study.
contributions. DOC concentrations of stream water were higher than those

expected from end member mixing of groundwater in soil layer and
bedrock springs, especially in September (Figure 8a,d). DOC concen-

411 | DOC trations of groundwater in soil layer at FEW had no clear seasonality

(Figure 6a). One possible explanation for the tendency in Figure 8 is
DOC concentrations of stream water had significant negative relation- the spatial heterogeneity of DOC concentrations of groundwater in
ships with bedrock groundwater contributions. The results were simi- soil layer in Inokawa. That is, the DOC concentrations of groundwater
lar to those reported for boreal forest catchments (Peralta-Tapia in soil layer observed in a 0.02 km? catchment, FEW may not have
et al, 2015: Tiwari et al., 2017). This negative relationship cor- represented the whole 5 km? catchment and have been lower than
responded to the observation result that DOC concentrations in bed- those of the actual average values. The process by which DOC con-
rock springs were lower than those of groundwater in soil layer centrations were established in forest catchments was spatially het-
(Figure 8). DOC in forest catchments is generally produced mainly by erogeneous owing to many factors, such as tree species, water
the decomposition of litter and decreases in soil due to physical chemistry in soil water, ground temperature, soil water content, and

adsorption and/or decomposition (Kalbitz et al., 2000). Our observa- depths of groundwater table (Cool et al., 2014; Grabs et al., 2012;
tion results in a hillslope followed this general pattern (Figure S2 in Hinton et al., 1998; reviewed by Kalbitz et al, 2000), and could
Data S1). These mechanisms probably continue to decrease the DOC strongly regulate the stream DOC concentration (Aitkenhead
concentrations while groundwater infiltrates through the bedrock. It et al., 1999). In addition, DOC might have been added to groundwater

could result in low DOC concentrations of bedrock springs and the immediately before it flowed out to stream channel because
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groundwater in soil layer need to pass through shallow soil, which had
high DOC concentrations in water (Figure S2 in Data S1). These fac-
tors could explain the higher stream DOC concentrations than
expected from end member mixing of groundwater in soil layer and
bedrock springs. In addition, the DOC concentration in water passing
through shallow flow paths might have a large temporal heterogeneity
and the source area of DOC might temporally change reflecting the
wetness conditions within a catchment (Richardson et al., 2020). It
could result in the difference between the tendencies in September
and December in our study.

Another possibility is in-stream DOC production. Mulholland and
Hill (1997) demonstrated that only mixing of water through different
flow paths could not fully explain the temporal variations of DOC con-
centrations in stream water and discussed that in-stream DOC pro-
duction was important for forming the DOC concentration in stream
water. Several other studies have also shown that the decomposition
of terrestrial carbon source increased stream DOC concentrations in
low-order streams (Johnson et al., 2006; Meyer et al., 1998). In-
stream DOC production would be larger in streams with low stream
discharge because lower stream discharge and shallower water depth
would result in larger contact area per water volume between DOC
sources such as root, leaves, and sediments, and stream water. In our
site, the bedrock groundwater discharge increased with an increase of
catchment area and increased stream discharge (Egusa et al., 2016;
Figure 5d). Therefore, in-stream DOC production would be greater in
places where catchment area size is small and bedrock groundwater
contribution is low. It could result in the steep negative relationships
between stream DOC concentrations and bedrock groundwater con-
tributions. Furthermore, the difference between the results in
September and December could be explained from the difference in
decomposition rate caused by the difference in water temperature.

412 | DIN

Spatial variability in stream DIN concentration was poorly explained
by bedrock groundwater contribution (Figure 8b,e). This was different
result from a previous study, which showed that the DIN concentra-
tion in stream water increased in summer due to the discharge of DIN
rich bedrock groundwater (Burns et al., 1998).The direct reasons of
this were both groundwater in soil layer and bedrock had a wide range
in DIN concentrations and their DIN concentrations were not differ-
ent from each other (Figure 8). The processes that affect DIN concen-
tration, for example, nitrification (Isobe et al., 2020) and denitrification
(Duncan et al., 2013; Hill et al., 2000) are strongly affected by envi-
ronmental factors like soil moisture and redox conditions, and highly
heterogeneous on a scale of tens of meters. These spatial heterogene-
ity in processes could cause large variations in the DIN concentrations
of groundwaters and would mask the small difference between DIN
concentrations of groundwater in soil layer and bedrock groundwater.

The DIN concentrations of the bedrock springs in September
were higher than those in December (Table 1). It would not be due to

delayed discharge of thaw water (Burns et al., 1998) because snow

hardly accumulated at our site. The plausible reasons are the increase
of leaching due to enhanced microbial activity in summer (Goodale
et al, 2015) or DIN supply from bedrock weathering (Holloway
et al., 1998; Holloway & Dahlgren, 2002). Besides, in September, most
of DIN in bedrock springs was NH,* and NO3;~ concentration was
low, while the opposite tendency was observed in December
(Table 1). It is presumed that in September the high temperature in
near surface caused the increase of microbial respiration in aquifer
(Riedel, 2019), resulting in an anaerobic environment. Then, nitrate
ammonification (reviewed by Burgin & Hamilton, 2007) would be cau-
sed or nitrification would be limited. The sampling periods of our bed-
rock springs and groundwater in soil layer were different, and the
number of measurements of bedrock springs was small. Therefore,
more intensive samplings and using tools, for example, isotope ratios
that can present the evidence of denitrification and/or supply from

the bedrock are necessary for further elucidation of the mechanism.

413 | DIP

In our site, DIP concentrations of stream water positively correlated
with bedrock groundwater contributions (Figure 8c,f). The results
were similar to Pringle et al. (1993), which showed high phosphorus
concentrations of stream water in catchments influenced by discharge
of deep volcanic groundwater. The main sources of DIP in forest
catchments were decomposition from organic matter and mineral
weathering, and DIP concentration decreases with flow path length in
soil due to biological uptake and physical adsorption (Sohrt
et al., 2017). In our site, DIP concentrations of bedrock springs were
obviously higher than those of groundwater in soil layer (Figure 8c,f).
Therefore, DIP derived from decomposition of fresh organic matter
would be retained in soil and plants, and stream DIP concentrations
were mainly regulated by mineral weathering of bedrock.

The median value and the maximum value of DIP concentration
in 1244 points of forested catchments in Japan was 0.20 and
3.75 pmol/L, respectively (Wakamatsu et al, 2006). These values
were close to those of groundwater in soil layer and stream water
influenced by bedrock groundwater discharge in our site. Therefore,
our results showed the clear importance of bedrock groundwater dis-
charge on stream DIP concentrations. Such high DIP concentrations
of stream water and bedrock springs of our site would be due to bed-
rock geology. One of the major sources of phosphorous in rock is the
deposited organic matter under the sea (Filippelli, 2011). The bedrock
of our site is young in geological sense (~4 Ma) and deposited under
the sea, and thus probably including a large amount of phosphorous
derived from ancient organic matter.

DIP concentrations of stream water were lower than those would
be expected from end member mixing of groundwater in soil layer
and bedrock springs alone, especially in December. At FEW, DIP con-
centrations of groundwater in soil layer were low and had no clear
seasonality (Figure 6c). Besides, DIP concentrations of bedrock
groundwater did not have clear difference between in September and

in December (Table 1).Therefore, the temporal variation of DIP
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concentrations of groundwater could not explain the seasonally differ-
ent tendencies in the relationships between DIP concentrations and
bedrock groundwater distributions. Thus, in-stream DIP uptake is a
probable reason. Previous many studies have reported that in-stream
DIP uptake rate was significant based on nutrient addition experi-
ments or mass balance approach (e.g., Davis & Minshall, 1999; Hall
et al., 2002). We performed 10 times DIP addition experiments on
40-120 m stream channel of our site and confirmed the significant
decrease of DIP concentration at three times of them (Egusa, 2013).
In these experiments, NO3™ addition was also performed at the same
time and significant decrease of NO3;™ concentration was observed in
only one time. Our site is a steep mountainous headwater catchment
with a mean slope of 31°, and therefore the primary production in
stream channels might be low due to the shading by trees and topog-
raphy. Therefore, in our site, biological DIP uptake would be low and
physical DIP adsorption may sometimes occur. Large amounts of rain-
fall and steep terrain cause large sediment discharges in Japan. In our
site, annual sediment discharge was approximately 100-200 kilo-
grams per hectare (Hotta et al., 2007). 342 mm of rain fell in 15-16
October 2013. It is plausible that this rainfall event replaced the sedi-
ments in stream channels with fresh ones, resulting in an increase of
in-stream DIP adsorption. Future studies should elucidate the impact

of sediment dynamics on in-stream DIP adsorption in our site.

4.2 | Implication of the study

The relationships between spatial variability of stream DOC, DIN and
DIP concentrations and bedrock groundwater contributions shown in
this study could be useful in comparing the factors that affect stream
DOC, DIN and DIP concentrations among catchments because they
enclose the effects of the various hydrological and biogeochemical
processes within a catchment. Many previous studies have shown
that large spatial heterogeneity of hydrological and biogeochemical
processes exist, particularly in headwater catchments of size 1 km? or
in smaller catchment area (e.g., Asano et al, 2009; Likens &
Buso, 2006; Temnerud & Bishop, 2005). Previous detailed studies on
DOC, DIN and DIP in forested catchments mainly targeted small
catchments, probably because of labor and financial constraints
(e.g.,Osaka et al., 2010; Sebestyen et al., 2008). That is, when we com-
pared the results of different catchments obtained from these detailed
observations to elucidate the effects of catchment characteristics
such as bedrock geology and climate on the factors that affect stream
DOC, DIN and DIP concentrations, the spatial representativeness of
the results might become an obstacle. The relationships between the
spatial variability of stream DOC, DIN, DIP concentration and bedrock
groundwater contributions using multi-point observations of stream
water could overcome this obstacle, because the spatially representa-
tive information of stream DOC, DIN and DIP concentrations in the
catchments could be obtained from these relationships. For example,
the y-intercept in the relationship between the DOC concentration
and bedrock groundwater contribution provides information on the

sum of spatially averaged DOC concentration of groundwater in soil

layer and that of in-stream DOC production. Besides, the slope in this
relationship indicates spatially averaged difference between the DOC
concentration of groundwater in soil layer including in-stream DOC
production and that of bedrock groundwater. In addition, the average
DIP concentrations of observation points with high bedrock ground-
water contribution would be regarded as the values indicating the
influences of spatial heterogeneity in bedrock groundwater and in-
stream uptake. Therefore, indexing from the relationships between
the spatial variability of stream DOC, DIN and DIP concentrations and
bedrock groundwater contributions could provide the representative
values of the catchments and contribute to elucidate the relationships
between the processes that affect stream DOC, DIN and DIP and the
catchment characteristics.

Future studies should accumulate more case studies from a wide
variety of catchments because the targeted area in this study was just
one forested catchment with warm-humid climate. We showed clear
relationships between stream DOC and DIP concentrations and bed-
rock groundwater contributions, and there was no significant relation-
ship between stream DIN concentration and bedrock groundwater
contribution (Figure 8). These relationships may not be the case in
other catchments. For example, in our site, DOC concentration of bed-
rock springs was about 1 mgC/L (Table 1), while some previous studies
have shown that groundwater in soil layer could have lower concentra-
tions than 1 mgC/L (Osaka et al., 2010; Sebestyen et al., 2008). In addi-
tion, the stream DIP concentration is strongly affected by bedrock
geology (Hensley et al., 2017; Wakamatsu et al., 2006). Therefore, the
influence of bedrock groundwater discharge on the spatial distribution
of stream DOC, DIN and DIP concentrations could vary greatly
depending on the catchment characteristics, for example, bedrock geol-
ogy and chemical properties of soil. Besides, previous studies have
reported that in some catchments bedrock groundwater discharge
increased with increasing catchment area (e.g., Egusa et al., 2016; Sha-
man et al., 2004), while in other catchments it did not increase with
increasing catchment area (e.g., Uchida & Asano, 2010). Thus, it is still
remained unclear how common the increase of bedrock groundwater
discharge with increasing catchment area is. It is expected that such
bedrock groundwater dynamics are also strongly dependent on the
bedrock geology, especially the permeability of the bedrock (Hale
et al.,, 2016; Hale & McDonnell, 2016; Pfister et al., 2017; Richardson
et al., 2020) and should be elucidated in the future.
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