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Abstract: We investigated changes in the quantity and quality of dissolved organic matter (DOM)
from rain to stream water in a forested watershed at Yamashiro Experimental Forest (YMS) in southern
Kyoto prefecture. The dissolved organic carbon (DOC) concentration and specific UV absorbance at
254 nm (SUVA;5,) in rainwater increased in the order of bulk rain, throughfall, stemflow, and O layer
leachate because of the DOM supply from tree tissue and O layer. Decreases in DOC concentration
and SUVA 54 with soil depth were not observed in the soil-percolating water. This finding may have
been caused by the low free oxide content of the soil and the collection of soil water with a tension-

free lysimeter. The DOC concentration was very low in both seepage and stream waters; seasonal

ﬁr;edcgtfgsr variation with a high concentration in summer was observed in the stream water. An increase in

K* concentration in summer was also observed in the stream water; thus, we presumed that DOC
Citation: Kaneko, S.; Furusawa, H.;

Okamoto, T.; Hirano, Y. Dissolved seasonal variation was caused by the DOM supply with the accumulated decomposition of litter in

Organic Matter (DOM) in a
Warm-Temperate Forested
Watershed—A Possibility of
Ultraviolet Absorbance as an
Indicator of DOM. Forests 2022, 13,

the streambed. The significant correlation between DOC concentration and absorbance at 254 nm
(UV354) was observed for all sample types of observation target in the watershed; the ratio of DOC
concentration to UV,s54 was different, while the correlation coefficient between DOC concentration
and UVjs4 value differed among sample types in the watershed. We concluded that UVjs4 which can
be measured by simply and easily is a good indicator for estimating DOC concentration in liquid
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samples in forested watersheds.
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1. Introduction

Dissolved organic matter (DOM), operationally defined as the total mass of organic
substances dissolved in soil solution capable of passing through a 0.4-0.6-um filter [1,2],
has important roles in organic sequestration, soil acidification, and trace metal dynamics
in terrestrial ecosystems [3-5]. The related concept of “dissolved organic carbon” (DOC)
is the fraction of organic carbon in soil solution that can pass through a 0.22-0.7-um filter;
the residue is defined as particulate organic matter. Although the two terms are often used
interchangeably, here we use “DOC” for the carbon in DOM and “DOM” for other contexts.

Increases in DOC concentration have recently been observed in the surface waters
of glaciated landscapes across eastern North America, as well as northern and central
Europe [6-8]. DOM in surface water has attracted attention as a precursor for various
carcinogenic disinfection byproducts, such as trihalomethane in water chlorination [9].

DOM is a major component of dissolved materials in rain [10], but the DOC concen-
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DOM differs between stemflow and throughfall [12]; stemflow is often enriched in highly
colored DOM [13]. High levels of DOM are supplied from the soil O layer; the highest DOC
concentration was observed in the O layer leachate because of DOM dissolution [14]. For
mineral soils, DOM is supplied from surface soil to soil solution, but the DOC concentration
in soil-percolating water decreases with depth because of the biological decomposition and
sorption of DOM to mineral soils [2,15]. Phenolic acids are removed from the soil solution
via water percolation in the soil, while carbohydrates and nitrogen-rich compounds re-
main [16] ; thus, the color disappears in the soil solution in deep soil [2,16]. These processes
result in low DOC concentrations in the stream and groundwater [17-19].

Organic compounds, such as lignin, tannin, humic substances, and aromatic com-
pounds, absorb ultraviolet (UV) radiation [20,21] ; UV absorbance increases with decreasing
wavelength [13,22,23]. The correlation between DOC concentration and UV absorbance at
a specific wavelength has been recognized in various types of natural water [21,22,24-26].
Among substances present in natural water, iron, nitrate, nitrite, and bromide also absorb
UV; the concentrations of iron, nitrite, and bromide are usually very low in natural water,
and the light absorption by nitrate is very weak at wavelengths above 240 nm [25,27].
Therefore, the UV absorbance (>240 nm) has been used as a surrogate measure of organic
constituents in fresh water, salt water, and wastewater [20,26,28]. The UV absorbance at
254 nm (UVjs54) coincides with one of the strong, sharp peaks of a low-pressure mercury
lamp [21]; it has historically been used as a standard wavelength for estimating DOC con-
centration [20]. Specific UV absorbance (SUVA) is defined as the UV absorbance of water at
a particular wavelength, normalized relative to DOC concentration [29]. Chin et al. [30]
reported that the SUVA at 280 nm (SUVA;gy, “molar absorptivity at 280 nm” in the orig-
inal paper) was strongly correlated with aromatic carbon content. Weishaar et al. [29]
also reported that the SUVA at 254 nm (SUVAjs4) was strongly correlated with the per-
cent aromaticity (as determined by >C NMR) for water samples obtained from aquatic
environments. Therefore, SUVA is regarded as a useful parameter for estimating the dis-
solved aromatic carbon content in environmental waters [29,31]. SUVA is utilized both
for estimating the origin of DOM and for evaluating the changes in DOM properties in
forested watersheds [17,32] .

In Japan, several studies have examined DOC concentrations in rain, throughfall,
stemflow, soil water, and stream water [19,33,34]. Most of these studies were carried out in
coniferous forests; few studies of DOM variations have focused on broad-leaved secondary
forests, which are widely distributed throughout Japan [35] and constitute 60% of the forest
in central Japan [36]. Although the UV absorbance has been used as a surrogate measure
of organic constituents in natural water, there have been few reports of the relationship
between UV absorbance and DOC concentration in waters in forested watersheds [37,38],
except in rivers and lakes in forest catchment areas [39]. The UV absorbance can be easily
measured by spectrophotometry, while measurement of the DOC concentration is time-
consuming and requires expensive equipment. Therefore, if the DOC concentration can be
estimated via UV absorbance, it would contribute to further understanding of the carbon
dynamics in forest ecosystems.

This study was performed to examine how the concentration and properties of DOM
change from rainwater to stream water in a forested watershed; it also aimed to clarify
the relationship between DOC concentration and UV absorbance for each water sample
type of observation target (hereinafter referred to as sample type) in the watershed, thus
determining whether UV absorbance can be used as an indicator of DOC concentration in
a broad-leaved secondary forest.

2. Materials and Methods
2.1. Study Site
The study was conducted at Yamashiro Experimental Forest (YMS, 34°47' N, 135°50' E;

180-255 m above sea level, hydrological watershed area 1.6 ha) (Figure 1) in Kyoto, Japan.
The site is situated in a hilly area in southern Kyoto Prefecture, in a region managed as a
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suburban forest. Soil erosion occurred and bare land was formed by heavy logging before
the Meiji period (AD 1968-1912) [40]. In the late 19th century, forest rehabilitation was
promoted by the Meiji government under the command of Johannis de Rijke, a technician
from the Netherlands [41]. Most of the trees planted at that time have since died; the current
vegetation is a mixed deciduous forest with evergreen broad-leaved trees [42]. Quercus serrata,
llex pedunculosa, Lyonia ovalifolia var. elliptica, Alnus sieboldiana, and Clethra barbinervis are the
dominant species [43]. The tree species composition is common in broad-leaved secondary
forests in this region. The growth of Alnus pendula and Robinia pseudoacacian is also found in
the understory as tree species with nitrogen-fixing ability [43]. The geology of the watershed
is Late Cretaceous Granitoid [44]. The annual carbon and nitrogen inputs by litterfall were
reported as 2674.7 kg C ha~lyr~! and 55.5 kg N ha~!yr~!, respectively [45]. The soils are
acidic and have a sandy texture containing fine granitic gravels (Tables S1 and 52); moreover,
they are thin with an average depth of 47 cm [42]. The soil type is classified as Dystric
Regosol according to the WRB classification system [46]. The mean annual precipitation is
1449 mm, and the mean annual temperature is 15.5 °C [35]. Precipitation is concentrated in
the growing season, and minimal snowfall occurs in winter [42]. The annual precipitation
levels were 975, 1719, and 1592 mm in 2002, 2003, and 2004, respectively; the mean annual
temperatures were 15.5 °C, 15.0 °C, and 16.0 °C in the same years at the weather observation
station in Kyotanabe City, which is located 8 km northwest of the YMS watershed [47].
Monthly mean air temperature and monthly total of precipitation from 2003 to 2004 at
the station are shown in Figure 2. The YMS was established in 1987 by the Forestry and
Forest Products Research Institute to evaluate water resources in the secondary broad-leaved
forest [35]. The observation of water chemistry in the watershed began in 2000. Nitrogen
budgets in the watershed were reported for 3 years from 2001 to 2003; N deposition from
throughfall and stemflow ranged from 7.5 to 8.2 kg N ha~lyr~! [42].

250m a.s.l.

Figure 1. Locations of sampling sites in Yamashiro Experimental Forest (YMS). Rv, Rr, Rd: bulk
rain in a closed valley, on a ridge, and at a southwest point of the watershed, respectively ; TF, SF:
throughfall and stemflow, respectively ; O layer: O layer leachate ; SW: soil-percolating waters at
depth of 10 em, 30 cm, and 70 cm (So10, So30, and So70) ; SPa, SPb: seepage water at each point; STa,
STb, STc: stream water at each point; STw: stream water at a closed point of the weir. The square area
with dotted line indicates sampling points of TF, SF, and SW.
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Figure 2. Monthly mean air temperature and monthly total precipitation from January 2002 to
December 2004 at Kyotanabe automated weather station. The data used in this paper were from July
2002 to March 2004.

2.2. Watershed Instrumentation and Sampling

Bulk rain (Rr, Rv, and Rd), throughfall (TF), stemflow (SF), O layer leachate, soil-
percolating water (SW), seepage water (SP), and stream water (ST) were collected twice per
month inside and outside of the watershed from July 5, 2002, to March 25, 2004 (Figure 1).
The sampling method of bulk rain, TF and SF was described in the previous paper of
Kaneko et al. [42]. O layer leachate in soils was collected using a tension-free lysimeter
(n =6) set under the O layer (thickness 6 cm) on the ridge. The lysimeter was made of a flat
polyethylene plate (200 x 300 mm) connected to polyethylene bottles (5 L) through silicon
tubing. Soil-percolating water was collected using a zero-tension lysimeter at depths of
10 cm, 30 cm, and 70 cm (each n = 5) in the TF and SF sampling sites. Hereafter, the O layer
leachate is referred to as O leachate; the soil-percolating waters collected at depths of 10, 30,
and 70 cm are referred to as S010, S030, and So70, respectively. The tension-free lysimeter
was made of polyvinyl chloride pipe (D = 30 mm, L = 600 mm), the top half of which was
cut off. The cut end (L = 300 mm) of polyvinyl chloride pipe was inserted into the soil
matrix at each depth; the other end of the pipe was connected to polyethylene bottles (0.5 L)
with silicon tubing (Figure 3). Stream water was sampled using a polyethylene bottle at six
points on the stream in the watershed (Figure 1). The water samples were seepage water
in the uppermost area of the stream in SPa and SPb; they were flowing water at the other
four points. Water temperature was measured at the sites of stream water sampling using a
digital thermometer.

2.2.1. Water Analyses

To minimize changes in the quality and quantity of DOM during transportation to the
laboratory, a portion of each stream water sample was filtered into a glass tube (50 mL)
in situ using a polyethylene syringe and a disposable disc filter composed of hydrophilic
polytetrafluoroethylene membrane (0.5-pm pore size; Advantec Toyo Kaisha, Ltd., Tokyo,
Japan); the stream water samples in glass tubes were placed in a cooler box and trans-
ported to the laboratory. Other water samples were transported to the laboratory and
filtered using hydrophilized polytetrafluoroethylene membrane filters (0.5-um pore size;
Millipore, Billerica, MA, USA). All samples were refrigerated at 4 °C until analysis. The
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pH, electrical conductivity (EC), inorganic cations, inorganic anions, DOC, and dissolved
inorganic carbon (DIC) were measured in the laboratory. The method was described in
the previous paper of Kaneko et al. [42]. The DOC concentration was calculated by sub-
traction of DIC from TOC for samples of rain, TF, SE, O leachate, and soil-percolating
water samples. For the seepage and stream water samples, DIC was removed by acidifica-
tion; the DOC concentration was determined by the high temperature catalytic oxidation
method [48]. Total nitrogen concentrations of samples were determined by measuring
the absorbance at 220 nm (Ajy) after autoclave digestion with potassium peroxodisulfate
in alkaline medium [49]. Dissolved silica was measured by colorimetric analysis using
the molybdenum yellow method [50]. Absorbances at 240 nm and 260 nm (A4 and
Aggp, respectively) were measured using a 1-cm quartz cuvette with a spectrophotometer
(UV-160A; Shimadzu). Sample spectra were blank-corrected using spectra collected from
ultrapure water (Milli-Q; Millipore).

<——300mm —
30mm /X/

Volume
0.5L

Figure 3. Design of lysimeter for collecting soil-percolating water.

2.2.2. Data Compilation

Organic nitrogen content was determined from the difference between total nitro-
gen and inorganic nitrogen (NO3~-N + NO, -N + NH4"-N). UV;,54 was estimated as
follows [51]:

UVas4 = Apag—(Azao—Azeo) % 0.3 @

Specific UV absorbance at 254 nm (SUVA;54) was calculated as follows:
SUVA254 = UV254/DOC x 100 (2)

For the calculation of ion balance, H* concentrations were estimated from the pH; we
assumed that DIC was present in the stream water as HCO3;~ because of the neutral pH.
The weighted average of each sample type was calculated by weighting the concentration
according to the sample volume, except for seepage water and stream water (simple av-
erages were calculated for these samples). For the calculation of average pH, we used H*
concentrations estimated from the pH. For bulk rain, TF, SF, O leachate, and soil-percolating
water, the capacity (volume) of the sampling bottle was applied to the sample volume if
overflow occurred. The annual flux was obtained by summing the water volumes of all
observation periods for bulk rain, TF, and SF. Overflow often occurred during sampling of O
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leachate and soil-percolating water; thus, we used alternative values for their annual water
fluxes. The annual water flux of O leachate was estimated using the following formula:

Oflux = TFflux + SFflux — FEflux 3)

where O flux is the annual water flux of O leachate; TF, SF, and FE flux are the annual water
fluxes of TF, SF, and evaporation from the forest floor, respectively. Daily evaporation from
the forest floor was estimated as 0.3 mm in the YMS, based on the report by Tamai and
Hattori [52]. For calculation of the annual elemental flux of soil-percolating water, the value
of annual discharge at the weir of the watershed (STw) was applied to the annual water
flux at the three depths (5010, So30, and So70). The annual discharge at the weir of the
watershed (STw) was also applied as the annual discharge for calculation of the annual
elemental fluxes of two seepage waters (SPa and SPb) and three stream waters (STa, STb,
and STc) in the watershed.

2.2.3. Statistical Analysis

To determine the characteristics of DOC in the watershed, we investigated the relation-
ships between the concentrations or values of DOC and the other constituents in all sample
types in the watershed. The correlation coefficients of the relationships between DOC
and the other constituents were calculated for each sample type in the watershed using
Microsoft Excel 2016 (Microsoft, Redmond, WA, USA). Pearson’s correlation coefficients
and p-values were obtained with the Pearson function and TDIST function, respectively.

3. Results
3.1. Variations in Concentrations and Fluxes of DOM and Other Constituents in the Watershed

The weight-average DOC concentration (DOCayg) was < 2 mg L™! in the bulk rain
(Rv, Rr, and Rd); it increased in the order of throughfall (TF), stemflow (SF), and O leachate
(Figure 4 and Table S3). DOC,yg was lower in the soil-percolating waters (5010, So30,
and So070) than in the O leachate. DOC,yg in the seepage waters (SPa and SPb) was very
low (<1 mg L™1); it increased slightly in the stream waters (STa, STb, STc, and STw). The
weight-average dissolved organic nitrogen (DON) concentration varied among sample
types in the watershed; the variation pattern was similar to the variation of DOCayg. The
ratio of weight-average DOC to weight-average DON was approximately 20 in the bulk
rain; it ranged from 26.8 to 37.2 in the TF, SF, O leachate, and soil-percolating waters. The
ratio of weight-average DOC to weight-average DON was obviously high in both seepage
and stream waters. The weight-average UV;s4 value varied throughout the watershed; the
pattern of variation was similar to the variation of DOC,yg. The weight-average SUVAgsy
value was low (1.07-2.53 L mg C~!m™1) in the bulk rain; it increased in the order of TF,
SE, and O leachate. It decreased in the soil-percolating water (5010, S030, and So70) but
increased in the seepage waters (SPa and SPb) and stream waters (STa, STb, STc, and STw).

The weight-average concentration of each ion was generally low in the bulk rain (Rv,
Rr, and Rd), particularly for Mg?* and K* in the bulk rain, compared with the other sample
types in the watershed (Table S4). The weight-average concentrations of most ions peaked
in the O leachate and decreased until the soil-percolating water sampled at a soil depth of
10 cm (S010). The weight-average concentrations of each ion in the seepage waters were
similar to the weight-average concentrations in the stream waters. Compared with the
soil-percolating waters, Na*, C1~, and S0,4%~ concentrations were higher, while CaZ* and
NOs3™ concentrations were lower, in both seepage and stream waters.

The annual DOC flux of the rain (Rv, Rr, and Rd) ranged from 1.69 to 2.58 g m—2 y1r_1 ;
the annual DOC fluxes of TF and SF were 5.56 and 0.17 g m~2 yr~!, respectively (Figure 5
and Table S5). The annual DOC flux peaked in the O leachate (27.24 g m—2 yr’l) and
decreased in the soil-percolating waters (5010, S030, and So70). The annual DOC flux
ranged from 0.59 to 0.65 g m~2 yr~! in the seepage waters and from 1.15to 1.6 g m~2 yr~!
in the stream waters.
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Figure 4. Average of DOC concentration among all sample types at the YMS from July 2002 to March
2004. The number of measured samples is the same as that shown in Table S3. See Figure 1 for the

meaning of the abbreviations.
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Figure 5. Annual DOC flux among all sample types at the YMS. See Figure 1 for the meaning of
the abbreviations.

The annual ion flux of TF was generally greater than the annual ion flux of the bulk
rain for most ion species. In particular, the annual fluxes of Mg?* and K* of the TF were
extremely high. Annual ion flux peaked in the O leachate, except for Na*, Cl1~, and
SO42~. The annual flux of Na* was larger in the soil-percolating waters than in the O
leachate; it increased in the seepage and stream waters where Na* and HCO3~ were the
dominant cation and anion, respectively. The annual flux of K* was slightly greater in the
stream waters than in the seepage waters, but there were no obvious differences in the
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concentrations of other ion species between the seepage and stream waters. The annual Si
flux ranged from 6.28 to 7.04 g m~2 yr~! in the seepage and stream waters.

3.2. Relationships between DOC Concentration and the Other Constituents of Water Samples

The DOC concentration was strongly correlated with UVys4 in all sample types (Table 1
and Figure 6). The correlation coefficient between DOC concentration and UV;s54 value
was >0.9 in the TF, SE, O leachate, soil-percolating water (5070), and stream water (STa)
(Table 1). In contrast, the correlation coefficient between DOC concentration and UV,54 was
<0.85 in the bulk rains (Rv, Rr, and Rd), soil-percolating water (S010), seepage waters (SPa
and SPb), and stream waters (STb, STc). The DOC concentration was positively correlated
with the DON concentration in the bulk rains (Rr and Rd), TF, SF, O leachate, and soil-
percolating water (S010). Throughout the observation period, the DOC was positively
correlated with water temperature at all sampling positions in the seepage and stream
waters (Table 1). Positive correlations were observed between the DOC concentration and
EC in the bulk rains (Rr and Rd), TF, SE, and O leachate; a negative correlation between
the DOC concentration and EC was observed in the seepage water (SPb). The DOC
concentration was positively correlated with the DON concentration in the bulk rains (Rr
and Rd), TFE, SFE, O leachate, and soil-percolating water (So10). The DOC concentration was
positively correlated with most ion species in the rain and with both Mg?* and K* in the
TF, SE, and O leachate (Table 1). In the stream water, the DOC concentration was positively
correlated with both K* and HCO; ~; it was negatively correlated with both H* and NO; ™.

In order to visually understand the relationships with different slopes between DOC
concentration and UVjsy , the relationships between the two were shown in the Figure 6
for all sample types. For bulk rain (Rv, Rr, and Rd), the seepage waters (SPa, SPb) and the
stream waters (STa, STb, STc, and STw), there were some data that deviate considerably
from the approximate line. In contrast, no such data are found in TF, SE, the O leachate
and the soil-percolating waters (5010, So30, and So070). The gradient of approximate line in
the figures of the relationship between DOC concentration and UV;s4 (Figure 6), means
the ratio of UVj54 to DOC concentration, corresponding SUVAys4. It ranged from 0.0096 to
0.0132 in the bulk rains (Rv, Rr, and Rd); increased in the order of TF, SF, and O leachate;
decreased in the soil-percolating waters (5010, S030, and So70) and seepage waters (SPa
and SPb); and increased again in the stream waters (STa, STb, STc, and STw) (Figure 6). To
further clarify the characteristics of SUVA54, SUVAs54 for each sample was shown in a box
plot (Figure 7). The difference between the average SUVAjs4 and the median SUVAjs, are
somewhat large in bulk rains (Rv, Rr, and Rd) due to the large variability of the data. The
median SUVA;s4 of bulk rains (Rv, Rr, and Rd) ranged from 0.85 to 1.35; these values were
lower than the SUVAjs4 values of the other sample types. The median SUVAjs, increased
in the order of TF, SE, and O leachate; it decreased in the soil-percolating waters (Figure 7).
The median SUVA ;54 was generally higher in the seepage and stream waters than in the
soil-percolating waters.
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Table 1. Correlations between DOC concentration and other constituents of water samples in the YMS.

Sample Type UVysy SUVAs, DON Temp. EC H* Ca%t Mg2* K* NO;~ S04~ HCO;~
Rv 0.807 —0.255 0.251 ND 0.496 2 —0.052 0.650 2 0.7552 0.766 2 0.385 0.524 2 ND
Rr 0.758 @ —0.219 0.539 ND 0.7842 0.501 2 0.692 2 0.729 0.786 2 0.786 2 0.746 ND
Rd 0.8232 —0.157 0.5332 ND 0.372 —0.041 0.359 0.478 2 0.854 2 0.296 0.308 ND
TF 0.947 2 —0.444 2 0.750 @ ND 0.727 —0.264 0.349 0.652 2 0.899 2 —0.050 0.207 ND
SF 0.960 2 —0.252 0.837 2 ND 0.504 2 0.429 2 0.568 @ 0.4952 0.663 2 0.4232 0.4412 ND

O leachate 0.948 2 —0.191 0.769 2 ND 0.746 2 —0.107 0.8552 0.863 2 0.6102 0.714 2 0.464 2 ND
S010 0.757 @ —0.398 0.569 2 ND —0.350 —0.275 —0.408 —0.332 0.205 —0.644 2 0.144 ND
S030 0.859 —0.400 0.015 ND 0.079 —0.287 —0.026 0.580 0.719 —0.008 0.265 ND
S070 0.967 —0.007 0.417 ND 0.232 0.6732 0.5702 0.451 0.4812 0.075 —0.239 ND
SPa 0.641 2 —0.4782 ND 0.442 2 0.115 —0.099 —0.223 —0.109 0.350 —0.085 0.359 0.448
SPb 0.833 2 —0.5472 ND 0.409 @ —0.6752 —0.082 0.035 —0.113 0.3822 —0.696 2 —0.380 —0.217
STa 0.9232 0.070 ND 0.598 2 0.050 —0.4612 0.454 2 0.3812 0.640 2 —0.789 2 —0.269 0.749 2
STb 0.697 —0.4052 ND 0.465 2 —0.178 —0.5642 0.295 0.123 0.6152 —0.558 2 0.258 0.5222
STc 0.788 2 —0.264 ND 0.520 2 —0.298 —0.3482 0.246 0.244 0.551 2 —0.419° —0.561 2 0.455 2
STw 0.880 2 —0.176 0.575 0.648 2 —0.097 —0.4032 0.648 0.5172 0.459 —0.584 2 —0.6132 0.6712

2 p <0.01, ND, not determined. See Figure 1 for the meaning of the abbreviations. The unit of data used for the analysis is the same as that shown in the Table S3 and S4.
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3.3. Seasonal Variation in DOC Concentration and SUVA,54 Value

Both the DOC concentration and SUVA,54 of the bulk rain (Rv, Rr, and Rd) in-
creased in autumn and from late spring to early summer, but they decreased in winter
(Figures 8 and 9). DOC concentrations in TE, SF, and O leachate increased in summer; the
DOC concentration was always higher in the order of O leachate, SE, and TFE. For the O
leachate, high SUVAjs4 values were observed in summer 2004. For the soil-percolating
water, the DOC concentrations at a depth of 10 cm (So10) increased from autumn to early
winter in 2002; the DOC concentrations at a depth of 70 cm (So70) increased in winter 2003.
The SUVA;s54 of the soil-percolating water remained almost constant throughout the soil
layers; the value at So30 was lower than the values at So10 and So70. For the seepage
waters, a high DOC concentration was observed in summer 2002 for SPa and in summer
2003 for both SPa and SPb. The SUVA;s54 of SPb was generally higher than the SUVAs54 of
SPa throughout the observation period. The DOC concentration increased in summer and
decreased in winter for the stream waters at all sites. The peak height of DOC concentration
was generally high in STw and low in STb among the stream water samples. The SUVAs54
of STw was generally low, while the SUVA ;54 of STa was high, among stream water samples
throughout the observation period.
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4. Discussion
4.1. Doc Concentration and Flux

This study clarified the DOC concentrations and flux in a broad-leaved secondary
forest at the level of the watershed of the YMS. We compared the DOC concentrations in the
bulk rain, TF, and SF in the YMS with the DOC concentrations in an artificial 35-year-old
sugi (Cryptomeria japonica) stand in Anshoji National Forest (ANF), Kyoto City, which is
located 24 km north of the YMS [53-55]. The DOCayg of bulk rains (1.1-1.7 mg L™!) in
the ANF was almost identical to the value in the YMS (1.2-1.6 mg L~!). The DOCyg of
TF (4.7-5.9 mg L™!) in the ANF did not differ from the value in the YMS (5.69 mg L™ 1),
while the DOCayg of SF was higher in the ANF than in the YMS (25.7-35.9 mg L1 vs.
13.6 mg L1, respectively) (Table 2). Liu and Sheu [11] reported that the DOC concentration
of SF was higher in the Chinese fir (Cunninghamia lanceolata) plantation (30.8 + 17.3 mg L
than in the secondary and natural hardwood stands (7.2 + 4.1-15.5 + 11.6 mg L™!) in
Guandaushi Forest in central Taiwan. Inagaki et al. [33] also demonstrated that the weight-
average DOC concentration of SF was higher in stands of two conifer species, sugi and
hinoki (Chamaecyparis obtusa), than in a stand of the broad-leaved species, kojii (Castanopsis
cuspidata). Higher DOC concentrations in coniferous forests were also observed in Ger-
many [12]. These results clearly indicated that the DOC concentration of SF was higher in
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coniferous forests than in broad-leaved forests; the difference in DOC concentration of SF
among sites presumably reflected differences in tree species.

There are few studies of DOC in tropical forests compared to temperate forests. DOC
flux in TF was reported to be 68.4-195 kg ha~!yr~! in an Amazon tropical forest [18] and
that in the O layer is reported to be 4.2-5.4 kg C ha~!'yr~! in a forest of East Kalimantan,
Indonesia [56]. These results suggest that the DOC flux in tropical forests is similar to or
slightly higher than that in temperate forests.

Table 2. Annual rainfall amount and weight-average DOC concentration of the rain, throughfall,
and stemflow in a 35-year-old sugi forest (35°0'23" N, 135°48'59" N) in Kyoto Prefecture, Japan.

Year 1995 1996 1997 1998
Rainfall (mm) 1529.7 1600.1 1582.6 1995
DOC in rain (mg L~1) 1.08 0.98 1.52 1.65
DOC in TF (mg L™1) 5.85 4.66 5.87 47
DOC in SF (mg L) 25.66 35.9 27.19 ND

ND, not determined.

Michalzik et al. [57] compiled published data concerning the concentrations and fluxes
of DOC and DON from 42 case studies in temperate forests in North America and Europe.
They found the highest concentrations of DOC and DON in the forest floor leachates and
in the A horizon; the annual transport of DOC from the forest floor into the mineral soil
averaged 17% (range 6-30%) of the annual litter input, while the annual transport of DON
averaged 26% (range 1-53%) of the litter N input [57]. Fujii et al. [4] reported that the
DOC fluxes from the O layer corresponded to 16.7% of litterfall C in a deciduous forest
in Kyoto City. In the YMS, the annual C flux (272.4 kg C ha~lyr~1!) in the O leachate
corresponded to 10% of the annual C flux (2674.7 kg C ha~lyr~1) by litterfall, while the
annual N flux (12.2 kg N~lyr~!) in the O leachate constituted 21.9% of the annual N
flux (55.5 kg N ha’lyr’l) by litterfall [45] (Table S5). These results suggested that the
aboveground dynamics of DOC and DON in the YMS are common to temperate forests.

4.2. Variation in DOC Properties among Sample Types

The weight-average SUVAjs, value (1.07-2.53 L mg C~'m™1) in the bulk rain in our
study (Table S3) was comparable to the range (0.5-1.3 L mg C~!m™!) of rain in Geor-
gia, USA [13]. The low SUVAjs54 value indicates that the aromatic carbon content is low
in rainwater. Both DOC concentration and SUVA,s5,4 value of the bulk rain in the YMS
were generally high in summer (Figures 8 and 9). Similar seasonal variation, high in
summer and low in winter, was also observed for DOC concentrations in rainwater in
the eastern USA [10,58]. These observations suggest that the DOC supply from plant
tissue to rainwater increases in the growing season. For TF, the weight-average SUVA ;54
(272L mg C'm™1) was comparable to the SUVAys4 values of oak stands (Quercus virgini-
ana Mill; 1.6-2.8 L mg C~'m~!) and deciduous trees (2.7-3.2 L mg C~'m™~!) in the eastern
USA [13,17]. For SF (3.16 L mg C'm™1), it was also comparable to the SUVA;s,4 values of
oak stands (Q. virginiana Mill; 1.9-4.2 L mg C~'m~!), American beech (Fagus grandifolia;
2.5-4.9 L mg C 'm™!), and yellow poplar (Liriodendron tulipifera; 3.7-6.2 L mg C~'m~!) in
the eastern USA [13,59]. These reports indicated that aromatic carbon content is generally
high in both TF and SF; the DOC of SF has a higher aromatic content than does the DOC
of TE.

A decrease in the DOC concentration when rainwater passes through the O layer
was observed in the YMS, similar to findings in other studies [4,12,17,57]. However, the
decrease with depth reported previously [2,14,15,19,57] was not observed for the per-
colating water in the mineral soil in the YMS (Table S3). The decrease in specific UV
absorbance at 250 nm (SUVAjs50) with soil depth was observed in a forested watershed
in Shiga Prefecture in Japan [60], whereas the decrease in SUVAj54 value with soil depth
was not clear in the YMS (Figure 6 and Table S3). DOC is generally retained in mineral
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soil, either by sorption to or by co-precipitation with reactive mineral phases, such as
aluminum and iron hydrous oxides [15,16]. Asakawa et al. [61] reported that the contents
of dithionite citrate bicarbonate-extractable aluminum and iron (Ald and Fed, respec-
tively) were 0.89-1.08 g kg ! and 8.33-8.56 g kg, respectively, while the contents of acid
oxalate-soluble aluminum and iron (Alo and Feo, respectively) were 0.65-0.68 g kg ! and
1.12-2.63 g kg, respectively, in granite-derived soil in a forest adjacent to the YMS. These
values were lower than the values in mature forest soils derived from granite rock [62], in
which the mean Fed and Ald contents had ranges of 8.09 + 2.66 to 9.66 + 6.88 g kg~ ! and
4.81 +1.79 to 4.07 + 1.20 g kg !, respectively, whereas the mean Feo and Alo contents were
4.30 + 1.72-4.12 + 2.97 g kg~ and 5.76 + 2.77-4.81 + 1.57 g kg !, respectively . Therefore,
we presumed that retention of DOC in the mineral soil was unlikely to occur in the YMS.

The use of a tension-free lysimeter for collecting soil-percolating water may also have
contributed to the low adsorption of DOC to mineral soil. Deb and Shukla [1] compared
two water sampling devices; they reported that the DOC concentrations in soil solutions
were significantly higher with tension—free collectors than with tension devices. The
tension-free lysimeter preferentially collects water flowing in large pores. In preferential
flow, high water movement velocity leads to low contact times between soil solution and
the solid matrix; it creates conditions of chemical and physical nonequilibrium [2]. Hence,
the adoption of tension-free lysimeter methods may have contributed to the small decreases
in DOC concentration with soil depth recorded at the YMS.

The DOC,yg was extremely low in the seepage waters (SPa and SPb) compared to the
soil-percolating waters (Table S3), suggesting that sufficient absorption and biodegradation
of DOC occurred through water passage in the deeper soil zone in the watershed. However,
the higher SUVAs4 in the seepage waters (Figure 6) suggested that preferential retention
of the hydrophobic DOC fraction [63] did not occur. We cannot explain the reason for this
discrepancy; it may be related to the accuracy of the TOC analyzer. The determination of
DOC in water samples in which the DOC concentration is very low, such as the seepage
and stream waters, is influenced by the system blank because of carbon emitted from the
catalyst and components of the Shimadzu TOC analyzer [48]. Because of the system blank,
the DOC concentration may have been overestimated, which may have contributed to the
lower SUVA;5,4 value.

The DOC concentration of stream waters increased in summer but decreased in winter
(Figure 8); the DOC concentrations of stream waters were positively correlated with water
temperature (Table 1). The DOC concentration is enhanced by algal growth and litter
decomposition in streams [64]. Based on the results of a study performed in a deciduous
forest in Kanagawa Prefecture in Japan, Sakamoto and Yoshitake [65] reported that algal
photosynthesis decreased in summer because of the increase in canopy leaf area. Deciduous
broad-leaved trees are dominant in the YMS; thus, algal photosynthesis production in the
stream presumably was not responsible for the high DOC concentration in summer. Dead
organic matter, such as leaf litter, is present in the streambed in the YMS; accordingly, the
observed increase in DOC concentration in summer may be related to the decomposition
of dead organic matter [66] . We concluded that the dissolution of DOC from dead organic
matter in the streambed may have contributed to the high DOC concentrations in the
stream waters.

The correlations between DOC concentration and UV absorbance at specific wave-
lengths have been recognized in various types of natural water [21,22,24-26]; however,
few studies have focused on rain to stream water in forested watersheds. Significant
correlations between DOC concentration and UVjs4 were observed for all sample types
in the YMS in this study. These results suggest that UV absorbance is a good indicator
for estimation of the DOC concentration for all types of water in the forest watershed
because the measurement of DOC using a total carbon analyzer is both time-consuming
and expensive. However, the correlation coefficient between DOC concentration and UVys4
differed among the sample types (Table 1); the slope of the approximate lines also differed
among sample types (Figure 6). The correlation coefficients were generally low for the
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bulk rains (Rv, Rr, and Rd). Rain contains various organic compounds (e.g., formaldehyde,
acetaldehyde, amino acids, and humic-like substances) that are derived from both natural
and anthropogenic sources [10]. Changes in DOC sources with rain events may influence
the low correlation between DOC concentration and UV,s4. The levels of aromatic com-
pounds were estimated to be low in rainwater because the gradient of the approximate line
of bulk rains was low, as shown in Figure 6.

The gradient of the approximate line increased in the order of TF, SF, and O leachate.
It has been suggested that aromatic carbon is supplied from plant tissue and litter layer,
as well as the aromaticity of DOC [13]. The addition of aromatic carbon enhanced the
correlations between DOC concentration and UV5s4 in the TF, SF, and O leachate. In the soil-
percolating water at So10, the correlation between DOC concentration and UV;s4 was low
(r = 0.757) compared with the TF and O leachate (Table 1). The water collection areas were
9000, 3600, and 450 cm? for the samplers of the TF, O leachate, and soil-percolating water,
respectively. The area of water collection devices may have influenced the heterogeneity of
water quality because the quality of TF considerably varied. The correlation between DOC
concentration and UVjs54 increased in the order of So10, S030, and So70. These observations
indicated that the heterogeneity of soil-percolating water decreased with depth because of
water mixing.

The correlation coefficient between DOC concentration and UVj54 was generally low
in the seepage waters and stream waters; it was particularly low in SPa and STb (Table 1).
There were anomalous data indicating a low ratio of DOC to UVjs4 in the SPa and STb
(Figure 6). Low DOC concentration and UVj54 may have been caused by direct rainfall into
seepage and stream waters because the gradient of the approximate line was low in the
bulk rains (Figure 6). The sites of SPa and STb may be more susceptible to direct rainfall
because of their microtopography.

5. Conclusions

We investigated the quantity and quality of DOC from rain to stream water in a
forested watershed of a broad-leaved secondary forest. In this study, strong correlations
were observed between the DOC concentration and UVysy for all sample types in the
watershed. The measurement of UV absorbance using a spectrophotometer is both easier
and cheaper than the determination of DOC with a total carbon analyzer. Our results
confirmed the usefulness of estimating the DOC concentration via UV;54 measurement.
However, we found that the ratio of DOC concentration to UV;s4 varied among sample
types in the watershed; the correlation between DOC concentration and UV;s4 also differed
among sample types. For the application of UV absorbance to estimate DOC concentrations
in other forested watersheds, it will be necessary to confirm the relationship between DOC
concentration and UV absorbance for the target sample type.
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10.3390/f13040510/s1, Table S1: Soil chemical properties of the YMS., Table S2: Soil physical
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chemical constituents for all sample types at the YMS from July 2002 to March 2004., Table S4: Average
ion concentration in all sample types at the YMS from July 2002 to March 2004., Table S5: Annual flux
of water and elements for all sample types at the YMS.
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Abbreviations

The following abbreviations are used in this manuscript:

Ald the contents of dithionite citrate bicarbonate-extractable aluminum
Alo the contents of acid oxalate-soluble aluminum
ANF Anshoji National Forest
DIC dissolved inorganic carbon
DOC dissolved organic carbon
DOChayvg the weight-average DOC concentration
DOM dissolved organic matter
EC electrical conductivity
Fed the contents of dithionite citrate bicarbonate-extractable iron
Feo the contents of acid oxalate-soluble iron
O leachate O layer leachate
Rd bulk rain at a southwest point of the watershed
Rr bulk rain on a ridge
Rv bulk rain in a closed valley
SF stemflow
So10 soil-percolating water at depth of 10 cm
S030 soil-percolating water at depth of 30 cm
So070 soil-percolating water at depth of 70 cm
SPa seepage water at the SPa point
SPb seepage water at the SPb point
STa stream water at the STa point
STb stream water at the STb point
STc stream water at the STc point
STw stream water at a closed point of the weir
SUVA specific UV absorbance
SUVA 54 the specific UV absorbance at 254 nm
TF throughfall
TOC total organic carbon
uv ultraviolet
UVys4 the UV absorbance at 254 nm
YMS Yamashiro Experimental Forest
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