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The amount of allochthonous material that enters lotic ecosystems annually from terrestrial
riparian forests is estimated to be considerable, and substances derived from the decomposition
of leaf litter are thought to have an important impact on stream water quality. The purpose of
the present study is to clarify the leaching characteristics of leaf litter of the evergreen species
that are dominant in the riparian zone of the investigated stream and to examine the influence of
leachates on mountain stream water ionic composition by laboratory leaching experiments and
field measurements.

Five fresh fallen leaves and fallen leaves of ten species of evergreen trees dominant in the ripar-
ian zone of the investigated reach were placed into a beaker filled with 500cc of distilled water
and allowed to stand for 30 days at ambient temperature between 25~30C after well washing
with distilled water, air-dried for one week and oven-dried at 80°C for 48 hours and the electric
conductivity (EC), hydrogen ion concentration (pH) and the concentrations of cations (Li", Na,
NH4", K*, Ca** and Mg?") and anions (F, CI, NO*", Br , NO*", PO+~ and SO+*") were measured
at 1 and 30 days after submersion. On the field measurements, stream water samples were col-
lected from four different environments (springs, riffles, pools and side-pools) and were trans-
ported to our laboratory and EC, pH and the concentrations of the cations and anions were
measured. The field measurements were conducted monthly from April 2006 to March 2007.

EC, pH, and cation and anion concentrations, continued to increase in all samples for 30 days
following the immersion of evergreen tree leaves in distilled water for being attributed to the
leaching of some components from the leaves. The EC values of water samples containing sub-
merged green Symplocos theophrastifolia Sieb. et Zucc. leaves exceeded 150 S/cm, and pH values
increased following the rapid decrease immediately after submergence, from 6.0 to 7.0. The most
dominant cation in the water samples was K", accounting for more than 70% of all cations in
most sample waters. On the 30th day after submergence, the order of average cation release
rates from green leaves was K'> Mg”" > Ca’** > Na*, which coincided to the experimental results
in previous studies. The order of average anion release was CI" > PO4" > SO4*". In contrast to
the high K" ratios in the water of the leaching experiments, the monthly K* concentrations in the
stream water were relatively lower than those of the other cations and anions. The lower concen-
tration of K' in the stream water during the growing season would suggest that there is a differ-
ential utilization of K* by the biota and stream sediment acts as an important agent for removal
of leachate from water. Therefore, the clay component of the sediment may serve as a reservoir
of chemically bound K' and biota may also provide a reservoir for K" if there is some net
increase in biomass. The EC value is lower in the spring than in the other environments and that
the K*, Mg?* and Ca’* concentrations are considerably higher in the riffle, pool and side-pool, in
which litter had been supplied, than in the spring where leaf litter is not deposited.

These results indicate that the primarily source of ions is rock weathering in the spring and
simultaneous ion loading from multiple sources occurs in the riffle, pool and side-pool and that
leaf litter is one of the primary sources of K*, Mg’* and Ca’" in the stream water. Based on these
results, it is demonstrated that anion and cation concentrations throughout the stream reach are
not always uniform due to heterogeneous distribution of ionic material caused by leachate from
leaves, although stream water has been regarded as providing a uniform continuous body for the
ionic materials, and changes in water composition due to the natural input and subsequent leach-
ing from leaf litter were predicted.
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1. INTRODUCTION

Allochthonous material, such as leaf litter, entering
small streams represents the primary energy source avail-
able to the consumers in these systems. This organic mat-
ter has been shown to remain within streams where it is
decomposed by a variety of physical, chemical and bio-
logical processes". Arising from the instream processing
of this organic material is the production of dissolved
organic matter (DOM)® >, nutrients® and physicochemi-
cal changes in water chemistry. The amount of
allochthonous material that enters lotic ecosystems annu-
ally from terrestrial riparian forests is estimated to be
considerable”, and substances derived from the decom-
position of leaf litter are thought to have an important
impact on stream water quality.

Pioneering studies that described the effect of leaf litter
on the chemical quality of streams, including Schneller
(1955)*" and Slack (1955)*, reported that the decay of
leaves in pools generally induced greater water color and
low dissolved-oxygen concentrations. Hynes (1960)'?
indicated that the decomposition of spruce and red cedar
needles released a substance toxic to fish, and Myers
(1961)*” suggested that manganese was leached from oak
trees in the watershed of the San Clemente Reservoir.
These studies suggested that various tree species may
make widely differing chemical contributions to streams
through leaf litter leachates.

While many subsequent studies have focused on the
physical degradation of leaf litter® 'V 2222 or on the
chemical changes associated with degradation in
streams® ' 202920 few studies have examined the effects
of materials leaching from leaf litter on stream water
quality. The purpose of the present study, therefore, is to
clarify the leaching characteristics of leaf litter of the
evergreen species that are dominant in the riparian zone
of the investigated stream and to examine the influence of
leachates on mountain stream water ionic composition.
The present study focuses on one of the most important
stream water quality indices, anions and cations, as
leachates from leaf litter in the stream water.

2. SITE DESCRIPTION

Experiments were conducted in the Takeo River in
Saito City of Miyazaki Prefecture. The Takeo River, a
tributary of the Hitotsuse River, ranges in elevation from
100m to 600m and originates in the Southern Kyusyu
Mountains. The Takeo River Basin overlays the Miyazaki
Formation, which was formed during the Cretaceous to
middle Paleogene periods. The formation consists of
black slate, sandstone and shale. The geologic structure
of the basin, therefore, is characterized by the prevalence
of weak and extensively folded rock strata with numerous
faults that are susceptible to weathering. These geologic
conditions have formed steep and unstable basin slopes
where several mid-sized landslides have occurred in the
last fifty years. To prevent sediment disasters caused by
landslides resulting from the weakness of this basin,
seven 3 to 5Sm- high sabo dams have been constructed in
the stream since 1965'®.

The study site consists of an approximately 1 km river
reach between sabo dam No. 5 and approximately 50m
downstream of sabo dam No. 6 (Fig. 1). The stream is a
first-order stream with a mean width of 10 m, mean depth
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Fig. 1. Stream reach investigated and sampling sites.

(at modal flow) of 0.3 m, mean slope of 0.25, and mean
current velocities ranging from 20—30cm/sec. The
stream bottom is composed primarily of gravel, pebbles
and cobble substrates and the riparian vegetation consists
of evergreen deciduous trees, such as Symplocos
theophrastifolia Sieb. et Zucc., Machilus japonica Sieb.
et Zucc., Meliosma rigida Sieb. et Zucc., and Litsea
acuminata Kurata. Since the slope of the stream basin is
steep, tree leaves supplied to the forest floor of the slope
tend to be removed to the stream bed.

3. METHODS

3-1. Materials and laboratory leaching experiments

Ten species of evergreen trees, shown in Table 1, are
common in the riparian zone of the investigated reach
and make a substantial contribution to annual litter fall.
Approximately fifty pieces of fresh fallen leaves and fall-
en leaves of each tree species were collected from the
stream bank of the reach. Fresh fallen leaves and fallen
leaves are whole leaves categorized as follows. Fresh
fallen leaves maintain the original shape without any
skeletonization and still retain their original color
because of the relatively short time elapsed after falling.
Fallen leaves also hold the original shape without any
skeletonization and appear to be brown. The leaves were
collected on May 30, 2006 because in the investigated
reach the evergreen species fall from May to July each
year.

The collected leaves were well washed with distilled
water to eliminate aerosol dust and atmospheric gases®,
air-dried for one week and oven-dried at 80°C for 48
hours. Five fresh fallen leaves and fallen leaves of each
species were selected at random and weighed. Then,
each sample was placed into a beaker filled with 500cc
of distilled water and allowed to stand for 30 days at
ambient temperature between 25~30°C. The electric con-
ductivity (EC) and hydrogen ion concentration (pH) were
measured with a water quality probe (WQC-20A, TOA
Electronics Ltd., Japan), and the concentrations of
cations (Li*, Na", NH4", K*, Ca*" and Mg*") and anions
(F, CI", NO*", Br, NO*", PO+~ and SO4+*") in the water
were measured using ion chromatography (DX-120,
NIPPON DIONEX K.K.) at 1 and 30 days after submer-
sion, because maximum loss of soluble components
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Table 1. Change in pH and EC (x#S/cm) of water containing submerged leaves

Days after submergence
Species Categories oH : EC oH 5 EC ECson - ECep

Symplocos theophrastifolia sieb. et Zucc. green leaves 6.3 33.6 6.1 152.6 4.54 1.21
brown leaves 6.9 82.6 7.0 126.4 1.53

Machilus japonica sieb. et Zuce. green leaves 5.0 53.2 7.0 116.0 2.18 2.24
brown leaves 6.0 23.8 6.8 51.8 2.18

. . green leaves 5.2 129.3 7.1 131.1 1.01 1.38
Meliosma rigida sieb. et Zuc. brown leaves 5.0 89.7 6.9 947 1.06

. . green leaves 5.4 46.1 7.1 144.9 3.14 1.91
Litsea acuminata Kurata brown leaves 54 39.6 7.0 76.0 192

Quercus gilva Blume green leaves 5.9 6.77 6.8 375 5.54 1.69
brown leaves 5.8 10.03 6.6 22.2 2.21

. green leaves 5.3 19.40 6.3 24.3 1.25 0.91
Castanopsis Spach brown leaves 56 16.45 6.3 26.6 162

green leaves 5.6 14.41 6.7 64.9 4.50 1.36
Quercus glauca Thunb. brown leaves 5.2 339 6.6 477 141

. . green leaves 5.9 6.23 6.5 41.8 6.71 1.24
Quercus myrsinacfolia Blume brown leaves 5.8 7.46 6.6 337 452

Pasania edulis Nakai green leaves 6.1 7.65 7.0 76.4 9.99 1.54
brown leaves 6.0 24.3 6.8 49.7 2.05

. . green leaves 5.8 34.1 6.8 1334 3.91 5.21
Machilus thunbergii Sieb. et Zucc. brown leaves 55 593 61 556 5758

EC30/1: The ratios of mean EC value after 30 days to that after one day

ECg/p: The ratios of mean EC value after 30 days of green leaves to that of brown leaves

through abiotic leaching occurs during the first 24 hours
exposure of leaf litter to water and is completed within
approximately four weeks?>.

3-2. Stream water sampling and estimation of sample
ion content

Stream water samples were collected from four differ-
ent environments (Fig.1): (a) springs from cracks on the
vertical cliff of bedrock slope along the side of the
stream approximately 150cm above the stream margin;
(b) riffles; (c) pools; and, (d) side-pools, which were con-
sidered to be stagnant areas of water along the stream
margin. Since a series of sampling points (spring, riffle,
pool and side-pool) are not continuously distributed, the
water quality of a sampling point dose not affect that of
each neighboring sampling point.

Samples were collected by hand in a 250 ml polyethyl-
ene bottle. Water from springs was collected from cracks
in the bedrock and 10cm below the water surface in rif-
fles. In pools and side-pools, samples were collected
approximately 5cm above leaf litter pack on the substrate
using a 250ml polyethylene bottle. A water sampler was
used to collect water in pools and side-pools that were
deeper than 50cm. At the time of sampling, water tem-
perature, EC and pH of the water were measured. The
collected water samples were transported to our laborato-
ry and the concentrations of cations (Li", Na*, NH4", K,
Ca*" and Mg*") and anions (F~, CI", NO*", Br', NO*",
PO4+*~ and SO+*7) were measured. The measurements
were conducted using the same methods applied to the
stream water described above.

These measurements were conducted monthly from
April 2006 to March 2007.

4. RESULTS

4-1. Leaching characteristics of evergreen leaves
4-1-1. Changes in EC and pH values of water from
submerged leaves

The pH and EC of the distilled water in which leaf
samples were submerged varied with time as shown in
Table 1. The initial EC and pH of distilled water was
1.36 #S/cm and 6.9, respectively. Marked increases in
EC were observed one day after leaf submersion, indicat-
ing that some materials leached from submerged leaves
immediately after submergence, resulting in rapid leach-
ing during the initial 24 hours''9*®. The EC increased
with time in all water samples with significant differ-
ences observed after 30 days, and the mean EC values of
water after 30 days' submergence of green leaves of
Symplocos theophrastifolia Sieb. et Zucc., Machilus
Jjaponica Sieb. et Zucc., Meliosma rigida Sieb. et Zucc.,
Litsea acuminata Kurata, and Machilus thunbergi Sieb.
et Zucc. were 152.6, 116.0, 131.1, 144.9, and 133.4
#S/cm, respectively. The mean EC values on the 30th
day were higher in green leaves than in brown leaves,
with the exception of Castanopsis Spach. Based on these
mean values, the increasing EC rates attributed to leach-
ing from submerged leaves should tend to be lower in
leaves with a relatively thicker outer layer of the epider-
mis, which consists of cutin.

The mean pH values of water decreased from the ini-
tial pH value one day after submersion, with the excep-
tion of brown Symplocos theophrastifolia Sieb. et Zucc.
leaves, which was attributable to aerosol dust adhered to
the leaves. The mean pH values increased with time in
all water samples after 30 days' submergence, recovering



Table 2. Changes in cation (anion) concentration par 1g of leaves (mg/l). Rk« is the ratio of cation (anion) concentration to total cation (anion) concentration on the 30th day from

submergence of leaves

(a) cation
Days after submergence 30 Rt
Species Category Na*® NH.* K* Mg?* Ca?* total Na* NHs* K* Mg** Ca** total Na* NHs* K* Mg?* Ca*"
e green leaves 0.138 0.300 3.741 0.072 0.146 4.397 0.122 0.593 15.828 2.063 1.968 20.575 0.6 2.9 76.9 10.0 9.6
Symplocos theophrastifolia sieb. et Zucc.
brown leaves 0.308 0.183 3.555 0.674 0.898 5.618 0.179 0.665 10.785 2.586 2.379 16.593 1.1 4.0 65.0 15.6 14.3
. L green leaves 0.089 0.120 4.401 0.089 0.141 4.840 0.099 0.000 9.327 0.338 0.204 9.968 1.0 0.0 93.6 34 2.0
Machilus japonica sieb. et Zucc.
brown leaves 0.412 0.198 4.533 0.132 0.187 5.463 0.238 0.000 5.128 1.112 2.117 8.594 2.8 0.0 59.7 12.9 24.6
i . green leaves 0.685 0.079 11.827 0.659 0.544 13.795 0.248 0.355 12.558 0.725 0.828 14.714 1.7 24 85.3 4.9 5.6
Meliosma rigida sieb. et Zucc.
brown leaves 0.701 0.062 13.520 0.493 0.767 15.544 0.293 0.411 14.444 0.552 0.726 16.426 1.8 2.5 87.9 34 44
i X green leaves 0.220 0.056 4.017 0.033 0.040 4.366 0.201 0.045 15.128 0.139 0.102 15.615 1.3 0.3 96.9 0.9 0.7
Litsea acuminata Kurata
brown leaves 0.798 0.134 6.013 0.123 0.194 7.263 0.408 0.434 15.504 0.504 0.290 17.141 24 2.5 90.5 2.9 1.7
i green leaves 0.279 0.000 1.695 0.018 0.057 2.050 0.095 0.967 8.684 0.326 0.229 10.300 0.9 9.4 84.3 3.2 2.2
Quercus gilva Blume
brown leaves 0.266 0.114 2.720 0.046 0.097 3.243 0.123 0.706 7.350 0.673 0.569 9.421 1.3 7.5 78.0 7.1 6.0
Castanopsis Spach green leaves 2.653 0.000 6.219 0.964 0.456 10.292 0.435 0.624 8.327 1.866 1.139 12.392 3.5 5.0 67.2 15.1 9.2
P brown leaves 0.398 0.000 3.625 0.182 0.170 4.375 0.232 0.527 4.152 0.636 0.480 6.028 39 8.7 68.9 10.6 8.0
green leaves 0.312 0.000 1.338 0.089 0.216 1.956 0.191 0.235 8.596 0.756 0.306 10.085 1.9 2.3 85.2 7.5 3.0
Quercus glauca Thunb.
brown leaves 0.145 0.000 1.172 0.098 0.107 1.522 0.051 0.000 1.166 0.189 0.134 1.541 3.3 0.0 75.7 12.3 8.7
. . green leaves 0.480 0.000 2.948 0.103 0.098 3.629 0.262 0.245 11.082 0.875 0.607 13.072 2.0 1.9 84.8 6.7 46
Quercus myrsinaefolia Blume
brown leaves 0.069 0.000 0.484 0.008 0.019 0.580 0.053 0.030 1.982 0.162 0.136 2.364 2.3 1.3 83.8 6.9 5.7
. . . green leaves 0.153 0.000 0.701 0.033 0.080 0.967 0.087 0.000 7.499 0.136 0.104 7.827 1.1 0.0 95.8 1.7 1.3
Pasania edulis Nakai
brown leaves 0.528 0.000 2.279 0.039 0.061 2.907 0.303 0.020 6.677 0.228 0.246 7473 4.0 0.3 89.4 3.1 33
N . green leaves 0.227 0.000 3.980 0.051 0.088 4.347 0.232 0.000 16.850 0.317 0.221 17.620 1.3 0.0 95.6 1.8 13
Machilus thunbergii Sieb. et Zucc.
brown leaves 0.305 0.000 1.397 0.112 0.133 1.947 0.263 0.000 9.027 0.408 0.341 10.039 2.6 0.0 89.9 4.1 34
Average green leaves 0.524 0.055 4.087 0.211 0.187 5.064 0.197 0.307 11.388 0.754 0.571 13.217 1.5 2.3 86.2 5.7 43
© brown leaves 0.393 0.069 3.930 0.191 0.263 4.846 0.214 0.279 7.621 0.705 0.742 9.562 2.2 2.9 79.7 7.4 7.8
(b) anion
Days after submergence 1 30 Rk/t
Species Category F Cl- NO* POS~ SO2 total F Cl- NO* POS~ SO2 total F Cl- NO*  POS SO0
e green leaves 0.078 1.232 0.371 0.000 0.323 2.004 0.114 1.630 0.650 0.000 1.770 4.164 2.7 39.1 15.6 0.0 42.5
Symplocos theophrastifolia sieb. et Zucc.
brown leaves 0.099 1.094 0.206 0.000 1.422 2.822 0.089 1.580 0.352 0.000 2.774 4.794 1.8 33.0 7.3 0.0 57.9
I Lo green leaves 0.676 0.177 0.000 0.406 0.142 1.402 0.000 0.352 0.083 0.454 0.130 1.019 0.0 34.5 8.2 44.6 12.7
Machilus japonica sieb. et Zucc.
brown leaves 0.193 0.417 0.000 0.000 0.126 0.736 0.000 0.400 1.994 0.000 0.122 2.516 0.0 15.9 79.3 0.0 4.8
X . green leaves 0.434 0.670 0.000 2.204 2.421 5.729 0.000 0.673 0.288 1.754 1.898 4.612 0.0 14.6 6.2 38.0 41.1
Meliosma rigida sieb. et Zucc.
brown leaves 0.456 0.660 0.000 1.101 2.417 4.634 0.000 0.741 0.218 0.675 1.918 3.552 0.0 20.9 6.1 19.0 54.0
) . green leaves 0.031 0.576 0.000 0.085 0.329 1.021 0.044 0.579 0.053 0.808 0.270 1.754 2.5 33.0 3.0 46.0 154
Litsea acuminata Kurata
brown leaves 0.173 1.215 0.000 0.000 0.719 2.108 0.070 1.140 0.078 0.681 0.587 2.555 2.7 44.6 3.0 26.7 23.0
. green leaves 0.129 0.331 0.000 0.201 0.000 0.660 0.000 0.592 0.000 0.690 0.000 1.282 0.0 46.2 0.0 53.8 0.0
Quercus gilva Blume
brown leaves 0.255 0.464 0.000 0.000 0.000 0.718 0.000 0.708 0.000 0.000 0.000 0.708 0.0 100.0 0.0 0.0 0.0
Castanopsis Spach green leaves 0.219 0.424 0.000 0.000 0.000 0.643 0.000 1.070 0.000 0.000 0.000 1.070 0.0 100.0 0.0 0.0 0.0
brown leaves 0.204 0.440 0.000 0.000 0.000 0.644 0.000 0.651 0.000 0.000 0.000 0.651 0.0 100.0 0.0 0.0 0.0
green leaves 0.067 0.479 0.000 0.000 0.194 0.740 0.000 0.856 0.000 0.491 0.430 1.776 0.0 482 0.0 27.6 24.2
Quercus glauca Thunb.
brown leaves 0.034 0.164 0.000 0.077 0.051 0.326 0.000 0.134 0.227 0.000 0.000 0.361 0.0 37.2 62.8 0.0 0.0
X . green leaves 0.226 0.626 0.000 0.000 0.106 0.958 0.000 0.772 0.567 0.000 0.152 1.490 0.0 51.8 38.1 0.0 10.2
Quercus myrsinaefolia Blume
brown leaves 0.028 0.221 0.000 0.000 0.000 0.249 0.000 0.298 0.097 0.000 0.000 0.395 0.0 75.5 24.5 0.0 0.0
X X . green leaves 0.036 0.169 0.000 0.000 0.064 0.270 0.000 0.244 0.277 0.844 0.078 1.443 0.0 16.9 19.2 58.5 54
Pasania edulis Nakai
brown leaves 0.100 0.394 0.000 0.000 0.000 0.493 0.000 0.419 0.000 0.209 0.000 0.628 0.0 66.7 0.0 33.3 0.0
X . green leaves 0.789 0.954 0.000 0.696 0.638 3.077 0.000 1.145 0.000 1.988 0.716 3.849 0.0 29.8 0.0 51.6 18.6
Machilus thunbergii Sieb. et Zucc.
brown leaves 0.086 0.472 0.000 0.000 0.160 0.717 0.000 0.886 0.000 0.474 0.430 1.790 0.0 49.5 0.0 26.5 24.0
Average green leaves 0.268 0.564 0.037 0.359 0.422 1.650 0.016 0.791 0.192 0.703 0.544 2.246 0.7 35.2 8.5 31.3 24.2
© brown leaves 0.163 0.554 0.021 0.118 0.489 1.345 0.016 0.696 0.296 0.204 0.583 1.795 0.9 38.8 16.5 114 325
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Table 3. Overall comparison of ranges and means of measured values
Depth (cm) Water temperature (C) pH EC (4 S/cm)
range mean range mean range mean range mean
Spring — — 7.0-22.6 16.5 6.4-8.1 7.3 37.2-100.6 59.3
Riffle 5-40 16.3 8.2-22.7 15.3 6.6-8.0 7.4 66.0-99.2 86.4
Pool 80-130 99.7 8.2-22.7 15.3 6.6-8.0 7.4 69.4-97.0 85.2
Side-pool 5-30 21.4 6.7-22.7 15.4 6.5-7.8 7.2 52.3-100.3 82.0
Table 4. Overall comparison of ranges and means of ion concentrations in the stream water (mg/ 1)
(a) anion
F~ cl- NO*~ S04~
range mean range mean range mean range mean
Spring 0.001—0.137  0.055 2.240—6.144  4.691 0.168—3.105 1.576 1.834—6.954 4.420
Riffle 0.038—0.116 0.062 3.554—5.696  4.309 1.865—4.046 2.572 3.819—6.530 5.217
Pool 0.001—0.129 0.061 3.609—10.036  4.491 1.758—3.933 2.494 2.154—6.888 5.061
Side-pool 0.033—0.106 0.061 3.560—7.575 4.818 0.039—0.039 0.039 3.607—6.635 5.212
(b) cation
Na* NH,* K" Mg** ca’t
range mean range mean range mean range mean range mean
Spring 1.693—6.597 3.562 0.001—0.648 0.116 0.168—0.836 0.454 0.012—2.732 1.276 0.003—8.546 2.831
Riffle 2.181—3.894 2796  0.001—0.317 0.055 0473—1.359 0.653  1.840—3.740 2.828  6.042—13.839 9.368
Pool 2.156—5.808 2.819 0.001—0.879 0.095 0.455—1.646 0.652 1.041—3.853 2.715 1.660—13.559 8.856
Side-pool 2.189—4.874 3.071 0.002—0.296 0.070 0.470—2.872 0.943 1.170—3.692 2.658  4.242—13.765 8.486

to the initial pH value attributable to leaching. Unlike
EC, there were no marked differences in pH after 30
days of being submerged among tree species and cate-
gories of leaves, although many complex interactions
between pH and nutrient cycles were observed and their
effect on accelerating the decomposition of leaves in
aquatic ecosystems will be explained below '? 101938,

4-1-2. Ton concentrations leached from submerged leaves

Table 2 shows the concentrations of cations and anions
leached from leaves submerged in distilled water. In
table 2, the concentrations per 1g leaves are indicated.
The ions detected in all samples during the experiment
period were Na*, K*, Mg®*, Ca*" and CI". The cations and
anions appeared to leach from the leaves immediately
after submersion and the ion concentrations increased
with time in all water samples. The mean total concentra-
tions of K, Mg®", Ca**, Na" and CI™ per 1g leaves on the
30th day were 11.39, 0.75, 0.57, 0.20 and 0.79mg/],
respectively. The order of leaf type from highest to low-
est total cation concentration after 30 days was
Symplocos theophrastifolia Sieb. et Zucc. green leaves,
Machilus thunbergii Sieb. et Zucc. green leaves, and
Litsea acuminata Kurata brown leaves, with total cation
concentrations of 20.58, 17.62 and 17.14mg/l, respec-
tively. The water in which brown Castanopsis Spach,
Quercus glauca Thunb., and Pasania edulis Nakai leaves
were submerged had the lowest total cation concentra-
tions of all the leaves examined, below 7.00mg/1.

Among the cations, K was leached most abundantly
by all plant species in the present study. The ratios of K*

concentration to total cation concentration on the 30th
day exceeded 95% in water with submerged green Litsea
acuminata Kurata, Pasania edulis Nakai, and Machilus
thunbergii Sieb. et Zucc. leaves, and greater than 90% in
water with submerged Machilus japonica Sieb. et Zucc.
green leaves and Litsea acuminata Kurata brown leaves.
Relatively low Ruk values less than 70% were observed
in water with Symplocos theophrastifolia Sieb. et Zucc.
brown leaves, Machilus japonica Sieb. et Zucc. brown
leaves and Castanopsis Spach leaves.

The anion concentrations on the 30th day of after leaf
submergence were in the same range as those of cations,
with the exception of K*. The difference in ion concen-
trations between categories depended on the leaf species
and varieties of ion.

4-2. Stream water fluctuations
4-2-1. Overall comparisons of measured values in
stream water

The ranges and means of stream depth and measured
parameters, corresponding to the environments of the
respective sampling sites during the experiment period,
are shown in Table 3. The mean water temperature in the
spring was 1°C higher than the other stream environments
sampled. The highest pH value was observed in the
spring and the mean pH values were lowest in the side-
pool. The range and mean of pH in the riffle was exactly
the same as those in the pool, indicating the median
value between spring and side-pool. The observed EC
values were extremely low in the spring but higher at the
other sample sites.
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Fig. 2. Monthly fluctuations in major ion concentrations of the site.

The ranges and means of each ion concentration in the
stream water, corresponding to the environments, are
shown in Table 4. The measurements in September were
disregarded due to an experimental apparatus malfunc-
tion. In the present study, Li* (cation) and NO*”, Br’,
PO+~ and F (anions) were not detected in the stream
water during the measurements. The mean ion concentra-
tions were lowest in the spring and highest in the side-
pool, with the exception of NO?~, Na*, and NH4".
Furthermore, the mean concentrations of K*, Mg, and
Ca*" were two to three times higher in the side-pool than
in the spring. Other than the three springs that were sam-
pled in the present study, no additional springs or tribu-
taries flow into the reach and there are no artificial
sources of ions. Consequently, the stream water was
inferred to contain naturally ionic material in the reach
investigated.

4-2-2. Monthly fluctuations in anion and cation con-
centrations

The monthly mean concentrations of the major ions
corresponding to the environments of the respective sam-
ple sites during the experiment period are shown in
Fig.2. Each ion concentration shows a unique monthly
fluctuation. Na" and C1~ indicated similar seasonal fluc-
tuations in concentration for all stream bottom types. Na”
is generally found in association with Cl°, indicating
their common origin. Although weathering of NaCl-con-
taining rocks accounts for most of the Na™ found in river
water, the constant supply of Na" and Cl~ through rain-
water input is thought to originate from sea water in the
watershed and contributes significantly to the ion supply
along the coasts®.

Mg*" and Ca®" concentrations were lowest in the spring
throughout the experiment period. The monthly mean
concentrations of Mg*" and Ca”" in the side-pool equaled
to those in the riffle and pool. The mean K" concentra-
tions were highest in the side-pool except in November
and lowest in the spring throughout the experiment peri-

od, as observed for Mg?* and Ca*". The mean K" concen-
trations of the side-pool and pool were found to increase
during the warm period from May to August. The con-
centrations in the spring slightly fluctuated from a mini-
mum value of 0.27mg/l in February.

The SO4*" concentrations in the riffle, pool, and side
pool were observed to fluctuate similarly with a higher
period from November to April and lower period from
May to October. Those in the spring fluctuated each month
within a range from a minimum value of 3.58 (mg/l) in
October to a maximum value of 5.52 (mg/l) in November.

The results of multivariate analysis of monthly changes
in mean concentrations of each ion (independent
variable) for each sampling site (riffle, pool, and side-
pool) and sampling season divided into four temporal
groups (March to May, June to August, September to
November, and December to February) (dependent vari-
able) indicated significant relationships among the
dependent variables (P<0.005). Furthermore, Sheffe's
multiple range test indicated a significant difference in
the monthly change in SO4*~ concentrations between the
spring and the side-pool and riffle (P<0.005), between
the side-pool and the other sites for K (P<0.001) and
between the spring and the other sites for Mg** and Ca**
(P<0.0001).

5. DISCUSSION

5-1. Differences in K™ concentrations between labora-
tory experiments and field measurements

In the present study, physicochemical parameters, such
as EC, pH, and cation and anion concentrations, contin-
ued to increase in all samples for 30 days following the
immersion of evergreen tree leaves in distilled water.
This is attributed to the leaching of some components
from the leaves. The EC values of water samples con-
taining submerged green Symplocos theophrastifolia
Sieb. et Zucc. leaves exceeded 150S/cm, and pH values
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increased following the rapid decrease immediately after
submergence, from 6.0 to 7.0. The most dominant cation
in the water samples was K, accounting for more than
70% of all cations in most sample waters. On the 30th
day after submergence, the order of average cation
release rates from green leaves was K> Mg? > Ca®" >
Na', which coincided to the experimental results in pre-
vious studies® 2. The order of average anion release
was CI"> PO+’ > S04,

In contrast to the high K" ratios in the water of the
leaching experiments, the monthly K™ concentrations in
the stream water were relatively lower than those of the
other cations and anions, reflecting the lowest abundance
and least variability of K" in river water among the major
cations". In a previous study®”, the author found that the
evergreen tree defoliation period in the riparian forests of
the study reach is from May to July and the supply and
deposition of newly fallen leaves are accelerated during
this period, promoting subsequent litter decomposition in
the investigated area. Furthermore, K concentrations in
stream water generally increased with increasing dis-
charge?". In the study reach, stream discharge is higher
from spring to summer and lower during autumn and
winter. K concentrations in the stream water, therefore,
were predicted to increase during the period from May to
July because of increased K* supply by leaching from
fallen leaves and higher discharge. Contrary to this
expectation, the K* concentrations in the stream water
were considerably lower than the other major cations.

The lower K concentrations may have been observed
because K'consumption is increased during plant and
animal growing seasons as an indispensable mineral for
plant and animal growth. In particular, plant growth dur-
ing the warm period coincides with the high K'concen-
tration period and this seasonal change in biological
demand corresponds to seasonal changes in flow condi-
tions. The lower concentration of K' in the stream water
during the growing season would suggest that there is a
differential utilization of K* by the biota. K appears to be
completely water soluble in plants but may combine with
organic compounds?” and stream sediment acts as an
important agent for removal of leachate from water®.
Therefore, the clay component of the sediment may serve
as a reservoir of chemically bound K'. Biota may also
provide a reservoir for K if there is some net increase in
biomass. These biological consumption may occur in
PO4+*~ which was not detected in the stream water during
the measurements.

5-1-2. Possibility of alteration of stream water compo-
sition from leaf leachate

Minerals in stream water originate from various
sources. For example, it is said that Mg*" and Ca*"in
streams originate almost entirely from the weathering of
sedimentary carbonate rocks, and approximately 90% of
K" originates from the weathering of silicate materials,
especially potassium feldspar and mica®. Although pol-
lution and atmospheric inputs are small sources, atmos-
pheric inputs are minimal, and pollution contributes only
slightly. Based on the results of the leaching experiment
in the present study, however, biomass contribution to
stream water composition, i.e. through leachate from leaf
litter, is also pronounced. Although there are numerous
methods for detecting the origins of stream water compo-
sition, differences in composition between stream water
and groundwater are due only to the ratios of rock weath-
ering®.
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Fig. 3. Corrlation between SO4* concentration and the
major ion concentrations at four different environments.

SO4*” was detected every month at all sampling sites
in the stream water but was not detected in the leachates
from evergreen tree species in the leaching experiments;
thus rock weathering can be identified as the primary
SO4*” source, although atmospheric gasses and aerosol
dust may contribute the certain part of the SO4*~ source.
Consequently, the concentrations of the major ions that
came from other sources, such as CI”, K*, Mg*", Ca*’
and Na®, should vary independently of SO4*~ concentra-
tion. Figure 3 shows the correlation of the monthly mean
concentrations in the stream water between SO+~ and
the other major ions. In the figure, relatively positive cor-
relations are observed, the ion concentrations increase
with increasing SO4” concentration in the spring, with
the exception of K™ and C1~ which is contributed through
rainwater input from sea salts. Conversely, positive cor-
relations between SO4”~ and the other major ions are not
observed in the other environments, with the exception
of Ca*". These results indicate that the primarily source
of ions is rock weathering in the spring and simultaneous
ion loading from multiple sources occurs in the riffle,
pool, and side-pool. Sulfide minerals occur in minor
quantities in many different rock types, particularly in
fine-grained black shale*®, which is dominant in the
study watershed. During certain months, the concentra-
tions of SO4*~ were higher in the riffle, pool, and side-
pool than in the spring, which is thought to be attributed
to leaching from the black shale substrates in the gravel,
pebbles, and cobble of the stream bottom.

Based on these results, changes in water composition
due to the natural input and subsequent leaching from
leaf litter are predicted. This hypothesis is supported by
the field measurements in the present study, i.e. that the
EC value is lower in the spring than in the other environ-
ments and that the K, Mg**, and Ca2*" concentrations
are considerably higher in the riffle, pool, and side-pool,
in which litter had been supplied, than in the spring
where leaf litter is not deposited.

The previous study®” clarified that leaves from riparian
forests are input from May to July and tend to deposit in
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the side-pools of the reach for more than one month.
Concentrations of the most abundant ionic leachate from
leaves, K, are higher in the side-pool than in the other
stream environments in the present study. These findings
indicate that a natural ionic component is found in stream
water with high plant litter content. The relatively high
concentration of K* in the pool during the defoliation
period of the evergreen trees, therefore, should also cor-
respond with the litter leaching process. The possible
alteration of K*, Mg*", and Ca®" concentrations in stream
water due to leachate from leaf litter during litter decom-
position in the stream is supported by the previous exper-
imention® '

Generally, new leaf litter readily leaches to stream
water, and depending upon the species, may release from
5 to 30% of its organic dry weight within 24 hours as
dissolved organic matter” . Previous experiments have
also shown that anions and cations continue to leach
from leaf litter for more than four weeks'. In a natural
stream, allochthonous material, such as leaves, supplied
from terrestrial riparian forests into water is decomposed
by a variety of physical, chemical, and biological
processes. In particular, seasonal fluctuations occur in
the densities of invertebrates in the investigated reaches
(Kitamura et al. 2003, unpublished). These invertebrates,
such as Neoperla Needham, Goerodes japonicus and
Anisocentropus immunis McLachlan, shatter leaves into
fragments by their feeding and nesting activities, acceler-
ating litter decomposition. These seasonal biological fac-
tors may affect the leaching rates and the leaching rates
of leaves in natural streams should be higher than those
of the experimental results in the present study.

6. CONCLUSIONS

The present study demonstrated that anion and cation
concentrations throughout the stream reach are not
always uniform due to heterogeneous distribution of
ionic material caused by leachate from leaves, although
stream water has been regarded as providing a uniform
continuous body for the ionic materials.

For significant leaching to occur, leaves must reside at
a site for a sufficient period of time. In addition, other
factors are also important for the retention of leaves,
including channel configuration and the area of the ripar-
ian zone”; the hydrological and substrate characteristics
along the stream margin®”; the seasonal patterns of litter
fall and the discharge characteristics of the stream?”; the
amount of leaf litter entering a stream?¥; and, biological
conditions such as shredder density'¥'”?®3*, Consequently,
marked leaching in the side-pools should occur because
these sampling points satisfy the above conditions for
promoting litter retention.

However, not all of the litter supplied at a sample site
in the present study was retained at the site, as most litter
input from riparian forests into lotic systems is transport-
ed downstream. Accordingly, the litter characteristics at
a site do not always reflect the water quality characteris-
tics of that site. Litter decomposition and leaching of
ionic materials from litter may be accelerated in natural
streams because litter supplied into stream water is
decomposed via multiple processes, including mechani-
cal decomposition by invertebrates and chemical decom-
position based on residence time in the various stream
environments.

The stream environments reflect the geomorphological

characteristics of the stream reach with sabo dams and
show uniform substrates consisting of similar sized parti-
cles. Side-pools along the stream margins are promoted
by the uniform cross-sectional distribution of low current
velocity and shallow water depth. Substrates along the
stream margins are more likely to trap leaves than the
same substrates in the main stream channel. The pres-
ence of the sabo dams combined with the interactions
between the hydrological and substrate characteristics
along the stream margin further increase the potential for
retention®. Furthermore, given that the increased reten-
tion times attributed to the sabo dams also contribute to
creating an environment suitable for colonization by
shredder fauna®?, litter decomposition in reaches with
sabo dams is likely to be promoted further. Thus, com-
parative studies of litter decomposition rates in reaches
with and without sabo dams are needed in the future.

Further experiments are also required to determine
whether substances other than anions and cations are
leached from plants, including lignin, cellulose, hemicel-
lulose*, iron and manganese'”. The nature of the leached
substances and the rates at which this occurs vary among
plant species and the parts of the plant, as well as accord-
ing to the stage of plant decomposition”**. Future studies
should evaluate input of these substances to stream water
composition.
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