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Characterizing infiltrated soil water quality as affected by rainfall condition

Taihei MORISAWA!, Yasushi MORI?, Jun’ichiro IDE2, Hiroaki SOMURAZ2, Tkuo TAKEDA? and Mitsuhiro INOUE?

Abstract: Recent increases in rainfall acidity and intensity
have generated interest in their effect on soil-bound ions
(i.e. mineral cations or nutrient anions) in drainage. A soil
column experiment was conducted under field conditions
to characterize infiltrated soil water quality resulting from
simulated rainfall treatments. Two rainfall treatments (neu-
tral rain and acid rain) and four rainfall intensities (2, 4, 20,
80 mm hr~!) were investigated. Water draining through
the soil column was sampled and analyzed for electrical
conductivity (EC) and dissolved ion concentration. Re-
sults showed the acidic rain treatment caused more solute
discharge than did neutral rain treatment. Infiltrated soil
water quality was much higher than rain water, suggest-
ing that changes in ionic concentration are due to leach-
ing processes rather than ion exchanges. Moreover, high-
est solute concentrations was resulted from 80 mm hr~!
rain, being affected by rainfall intensity. Surprisingly, 80
mm hr~! intensity when combined with acid rain treatment
caused higher discharge solute concentrations than either
treatment independently.

Key Words : infiltration water, rain intensity, acid rain,
solute leaching
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Tablel OO0OOOO0OOOO
Physical and chemical properties of soil tested.

od od oggg

ood pH (H,0) *ECEC ood
Dgcm’3[l Dcmolkg’lD ood ooo 0 god og
0 %0 0 %0 0 %0 0 %0 0 %0
ogod 2.56 5.27 8.59 16.32 0.84 61.03 31.40 7.56 ogo
*0000000 NatOK'OMg*0Ca2t 00000000000000000
Table2 OOOOO
Contained materials in artificial rains.
. O00O00OmgL™h)
P DOC TN NO; C SO Na* K NH] Mg*  Ca'
gooo 5.05 0.17 0.14 0.20 0.12 0.13 0.07 0.23 0.34 0.22 0.64
oooooog 3.95 0.55 241 1.69 0.93 1.15 0.46 0.50 1.58 0.38 2.08
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Table3 ODO0OO0OOO0OOODOO
Volumetric water content after end of the experiments.

oooo 00000O0m? m30
Ommhr! O oooo oooooog
2 0.69 0.56
4 0.63 0.73
20 0.68 0.66
80 0.70 0.73
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Fig.2 O0OO00O0O0O00 pHOOOD
Fluctuation of runoff water pH.
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Fluctuation of runoff water concentration. DOC, TN and anions.
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Tabled OO0 ODO0O0O0OO0OOOOOOO
Comparison of artificial rain and runoff water solute.

Table6 0DOOO0O0O0O0O0O00OODOO

Relations between rain intensity and pore water velocity.

0000 *Car—Cr(mg471mL—1) oooo O000000O0Ocms™ 'O

(mmhr~!) Nat Kt Mgt Ca?t Ommhr! O oooo goooooo

ooooooon 2 0.55 0.38 024 1.01 2 8.1x 107 9.9 x 1073
4 073 038 0.11 049 4 1.7 x 1074 1.5 x 1074

20 0.17 0.07 0.10 0.68 20 8.1x107* 8.4 x 107*

80 0.59 124 068 3.27 80 32 %1073 3.0 x 1073

000ooOooooo 0.19 0.13 0.08 0.68

"CarO000000D0D000D0DOO0O0O0OOO0OGRODOOOODOOOOODODOO
ooo

Table5 0O0O0OOOOOOO
Ratio of runoff cations from the soil.

00000 %)
oooad oodo gooooo
(mmhr~!) Nat K* Mgt Ca’* Nat K+ Mg* Ca’*
2 19.36 10.69 0.61 0.67 15.02 12.43 1.30 0.81
4 19.28 11.26 1.03 0.77 27.77 13.02 1.15 0.69
20 28.13 12.00 1.05 0.87 27.94 11.58 1.16 0.87
80 28.22 15.54 4.31 2.48 34.61 23.27 691 3.56
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Effects of soil water stress on nodulation, leaf nitrogen
accumulation and grain yield at three different growth stages of
soybean

Shakil Uddin AHMED', Masateru SENGE?, Kengo ITO? and John Tawiah ADOMAKO?

Abstract: An experiment was conducted in a vinyl house
at Gifu University, Japan, from June to November 2008 to
assess the effect of water stress on nodulation of uninoc-
ulated soybean and leaf N accumulation to grain yield at
three different growth stages of soybean. The experimental
design was a randomized complete block of five treatments
with nine replications. The deficit irrigation treatments im-
posed were D (0—20 %), D (20 —40 %), D3 (40— 60 %),
D4 (60 — 80 %) and D5 (80 — 100 %) of water deficit total
available water (TAW). The three growth stages were flow-
ering (49 DAS: days after sowing), seed growth (77 DAS),
and maturity (140 DAS). The highest leaf N accumulation
was in the D, treatment at the flowering and seed growth
stage. The soybean grain yield had positive significant cor-
relation (p < 0.01) with leaf nitrogen at seed growth stage.
Total nodule numbers at > 4.75 mm diameter size had non-
significant effect on leaf N accumulation, but had positive
significant effect (p < 0.05) on grain yield of soybean at
seed growth and maturity stage. On the other hand, total
nodule numbers at < 4.75 mm size had positive signifi-
cant effect (p < 0.01) on leaf N accumulation and grain
yield of soybean at seed growth stage. Total nodule fresh
and dry weight at > 4.75 mm size had non-significant ef-
fect on leaf N accumulation and grain yield of soybean, but
nodules at < 4.75 mm size had a positive significant effect
(p < 0.01) at seed growth stage. Individual nodule fresh
and dry weight at > 4.75 mm size showed negative signif-
icant correlation (p < 0.01) with leaf N accumulation and
grain yield, but nodules at < 4.75 mm size showed positive
significant correlation (p < 0.01) at seed growth stage. Our
studies demonstrated that the water deficit level D, (20 —
40 % of TAW) was the best for an efficient Rhizobium-host
association and subsequent nodule development. Based on
our results, it can be concluded that successful root infec-
tion of uninoculated soybean was more pronounced in <
4.75 mm diameter size class nodule than the larger ones
(> 4.75 mm) under different water deficit levels.

Key Words : deficit irrigation, leaf N accumulation, nodu-
lation, soybean
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1. Introduction

Nodulation and leaf nitrogen (N) accumulation in soy-
bean [Glycine max (L.) Merrill] are sensitive to water
deficit conditions, and can have significant effects on yield.
There have been numerous studies on the relationship be-
tween soil moisture and activities of soil microorganisms
as well as nodulation (Hill et al., 2000). Soil moisture is
known to affect various physiological processes in plants
(Gan et al., 2008). A disturbed water metabolism of the
macrosymbiont may cause an impairment of the soil-plant-
water balance, which may lead to reduce N fixation and
uptake (Upreti and Murti, 1999). The soil moisture that is
adequate for seed germination is also adequate for bacte-
rial activity and nodules formation. The soil moisture con-
dition changes with time and may not be sufficient for sub-
sequent nodulation and their potential activities (Ramos et
al., 1999). The response of N fixation rates to drought is
related in part to nodule formation and growth (Serraj et
al., 1999 ; King and Purcell, 2001).

The ability of legumes to derive N through symbiotic
N, fixation reduces their dependence on soil N for growth.
However, several factors can affect N, fixation in legumes.
Kirda et al. (1989) demonstrated that N, fixation was
the most sensitive parameter to drought, followed by plant
growth, and the least sensitive by soil N uptake. The N;
fixing effectiveness of the legume-Rhizobium symbiosis
has been estimated in various ways. Little is known about
the effect of deficit irrigation scheduling on nodulation and
leaf N accumulation at different growth stages of uninocu-
lated soybean.

The present study was, therefore, designed to investigate
the impacts of soil water deficit at different growth stages
of soybean on uninoculated nodulation in two size classes
(>4.75 mm and < 4.75 mm diameter), and the subsequent
leaf N accumulation in the plant. The factors contributing
to grain yield were also examined.
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Table 1 The soil physical, moisture and chemical properties.

sand: 0.40
Texture (g g~ ") silt:  0.27
. clay: 0.33
Physmgl Textural class clay loam
Properties p icle density (g cm ™) 249
Bulk density (g cm™3) 1.07
Total porosity (m> m~3) 0.57
Field capacity, B¢ (31 kPa) m>m3) 0.516
Moisture . . 3.3
properties Wilting point, Opwp (1553 kPa) (m’m~>)0.296
Total available moisture, Ogc — Bpwp 0.220
pH (H20) 6.41
Organic matter (g g~ 1) 0.065
Chemical Total carbon (g g h 0.038
properties Total nitrogen (g g~ 1) 0.0026

C/N 133
Available phosphorus (g kg™!) 0.164
Exchangeable potassium (mg 100g=1)  13.2

2. Materials and methods

2.1 Area description

This research was conducted in a vinyl house (surround-
ing sides were open) located in the experimental farm of
Gifu University (35°27° N. and 136°44° E.), Japan, from
June to November 2008. The average temperature was
22.4 °C and the relative humidity was 67.5 % during exper-
iment duration. The soil physical, moisture, and chemical
properties are shown in Table 1.

2.2 Treatments and experimental design

Five water deficit treatments namely; D; (0 — 20 %), D>
(20 — 40 %), D3 (40 — 60 %), D4 (60 — 80 %) and D5 (80
— 100 %) water deficit of total available water (TAW) were
arranged in a completely randomized block design with
nine replications. The water deficit level of D, (20 — 40
%), for example, meant that the available water deficit was
maintained between 20 % and 40 % of TAW throughout
the growing season. When the maximum allowable deple-
tion of available water came close to 40 % of TAW, water
was applied to restore the available water to the deficit level
of 20 % of TAW. The TAW is defined as the water content
between field capacity (6gc) and permanent wilting point
(Bpwp).

Plastic pots (10 liters volume and 23.8 cm diameter) with
no drainage holes were filled with 7 kg air-dried Inceptisol
(clay loam in texture). Five soybean seeds [Glycine max
(L.) Merrill] were sown in each pot. Prior to planting, wa-
ter was applied to all the pots to bring them to field capac-
ity (Ogc) for uniform germination. The soil moisture for all
pots was maintained at field capacity (8rc) until 14 days af-
ter sowing (DAS) and the deficit irrigation treatments were
initiated. The growing period of soybean was 20 weeks
from June 16 to November 3. The plants were thinned to
one per pot at the 2 to 3 leaf stage. Three replicate pots of
each water deficit level were sampled at 49 DAS (flowering

stage), 77 DAS (seed growth stage), and 140 DAS (matu-
rity stage) during the experiment. Three pots per treatment
were used for final yield analyses.

2.3 Sampling method

Plants were harvested in a laboratory so that nodule
fresh weights (NFW) could be recorded immediately. Soil
was removed from plant roots, and nodules were separated
from the roots. Nodules were sorted using 4.75-mm wire-
mesh sieves resulting in two nodule diameter size classes
(> 4.75 mm and < 4.75 mm). The NFW and the number
of nodules per plant were recorded according to the two
diameter size classes. All plant parts (leaves, stem, root,
and nodules by size class) were dried at 65 °C for 96 h and
dry weights recorded.

Ground samples of dried soybean leaves were screened
through 1 mm sieve. The leaf N status was determined with
an automatic high sensitive NC analyzer (Sumigraph NC
95 A, Shimadzu Co. Ltd., Japan). Available soil phospho-
rus for plants was determined by Bray and Kurtz method.

3. Results

3.1 Grain yield and leaf nitrogen accumulation

under different water deficit levels

The grain yield decreased with increasing water deficit
levels (Fig. 1). Significant differences were observed in
decreasing grain yield from D3 to Ds, but not in D; and
D;. The percentage reduction in grain yield compared to
Dy, was 1 % for Dy, 12 % for D3, 21 % for Dy, and 47 %
for Ds.

Leaf N accumulation was the highest in D, treatment,
but decreased up to the Ds at both flowering and seed
growth stages. At the maturity stage, leaf N accumula-
tion increased up to the D3, and then decreased from D3 to
Ds. Irrespective of the water regime treatment, leaf N ac-
cumulation was the highest at the flowering stage and the
lowest at the maturity stage (Fig. 2). The soybean grain
yield has positive significant correlation with leaf nitrogen
at seed growth stage (Fig. 3).
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Fig. 1 The effect of water deficit levels on grain yield of soy-
bean. Means followed by different small letters (a—d) in the col-
umn under different water deficit levels are significantly different
according to Tukey’s multiple comparison test (p < 0.05).
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Fig. 2 The effect of water deficit levels on leaf nitrogen at
different growth stages of soybean. Means followed by differ-
ent small letters (a—d) at each growth stage under different wa-
ter deficit levels are significantly different according to Tukey’s
multiple comparison test (p < 0.05).
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y =0.0482x +2.8983 077 DAS

T 41  R2=04146ns 4 140 DAS
c
(] 3_
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Fig. 3 Plot of leaf nitrogen at different growth stages against
grain yield under different water deficit levels. ns: non signifi-
cant, and ** significant at p < 0.01.

Table 2 The effect of water stress on nodule development parameters at different growth stages of soybean.

TNN TNFW TNDW INFW INDW
(mg/plant) (mg/plant) (mg/plant) (mg/plant) (mg/plant)
Growth Nodule size Nodule size Nodule size Nodule size Nodule size
Stage  Treatment class class class class class
(DAS) >4.75 <4.75 >4.75 <4.75 > 475 <4.75 > 4.5 <4.75 > 475 <4.75
mm mm mm mm mm mm mm mm mm mm
o= o= 0 = 0=
a a O ad ad a
(o /0) @ /0) (@©/0) (@ /0)
D, 24.0 39.5 2800 1580 870 530 117 40 36 13
a a a a a a a a b a
D, 9.0 47.7 850 1200 260 350 94 25 29 7
b a b ab b ab ab a bc a
49 D; 5.0 29.7 370 690 90 220 74 23 18 7
C b ¢ ab c b ab ab bc a
D, 4.0 20.0 500 490 300 130 125 25 75 7
c bc b bc b c a ab a a
Ds 7.3 12.3 830 430 270 120 113 35 37 10
b c b bc b c a a b a
D, 43.7 48.0 6000 1700 2400 670 138 36 55 14
a a ab a b a bc a bc a
D, 46.0 55.7 5610 1870 2480 840 122 34 54 15
a a ab a ab a bc a bc a
77 D; 55.0 42.0 7980 1470 3660 510 145 35 67 12
a ab a ab a ab b a bc a
D, 36.3 333 8020 680 2980 210 221 20 82 6
a bc a ab a b ab bc ab a
Ds 9.3 20.0 2910 150 1060 30 312 8 113 1
b c c [¢ c c a c a b
D, 68.7 51.0 13010 2310 3970 700 190 45 58 14
a a ab a a a ab ab a a
D, 76.7 58.0 14310 1630 4020 470 187 28 52 8
a a ab a a b ab bc ab a
140 D; 58.7 48.3 16700 940 4730 240 285 19 81 5
a a a b a c a c a b
Dy 39.0 41.0 8320 1570 2610 510 213 38 67 13
bc b ¢ a b b ab bc a a
Ds 31.3 38.7 6150 2300 170 680 196 59 54 18
[ b ¢ a c a ab a ab a

TNNUO total nodule number, TNFW: total nodule fresh weight, TNDW: total nodule oven dry weight, INFW: individual nodule fresh weight, INDW:
individual nodule oven dry weight at > 4.75 mm diameter and < 4.75 mm diameter size classes. Means followed by different small letters (a—d) in the

same column in each growth stage under different water deficit levels are significantly different according to Tukey’s multiple comparison test (p <

0.05).
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Table 3 Correlation coefficient of nodulation at > 4.75mm and
< 4.75mm diameter size class with leaf nitrogen accumulation at
different growth stages of soybean.

Nodul Nodul Growth stage (DAS)
pa(;aumZter si;)eEIZss r49 » , 7 P , 140 »
>4 75mm 0423 ns 0.737 ns 0.002 ns
TNN 0 4.75mm 0.868 ns 0.982 0.01 0.011 ns
>475mm 0.323 ns 0.444 ns 0.398 ns
TNEW 0 4.75mm 0.731 ns  0.992 0.01 —0.954 0.05
>475mm 0.155 ns 0.553 ns 0.365 ns
TNDW 0 475mm 0.702 ns 0.981 0.01 —0.918 0.05
> 4.75mm —0.556 ns —0.984 0.01 0.677 ns
INFW 0 4.75mm 0.040 ns 0.960 0.01 —0.810 ns
>4.75mm —0.770 ns —0.992 0.01 0.660 ns
INDW

O 4.75mm 0.106 ns  0.995 0.01 —0.768 ns
r = correlation coefficient, p = probability of significance level, ns =
non significant

Table 4 Correlation coefficient of nodulation at > 4.75mm and
< 4.75mm diameter size class with grain yield at different growth
stages of soybean.

Growth stage (DAS)

49 77 140
r p r p r p

Nodule  Nodule
parameter size class

>475mm 0470 ns  0.891 0.05 0.923 0.05
TNN 0 4.75mm 0917 0.05 0.964 0.01 0.868 ns

>475mm 0405 ns  0.558 ns 0.818 ns
TNEW 0 475mm 0.805 ns  0.964 0.01 —0.296 ns

>4.75mm 0.359 ns 0.632 ns 0.867 ns
TNDW O 4.75mm 0.788 ns  0.956 0.01 —0.289 ns

>4.75mm —0.303 ns —0.9820.01 0.047 ns
INEW 5 4 75mm —0.141 ns  0.964 0.01 —0.661 ns

>4.75mm —0.255 ns —0.999 0.01 0.120 ns
INDW

0 475mm 0.013 ns  0.976 0.01 —0.644 ns

r = correlation coefficient, p = probability of significance level, ns =

non significant

3.2 Nodulation

The nodule numbers at > 4.75 mm and < 4.75 mm di-
ameter size as well as total and individual fresh and dry
weights of nodule are shown in Table 2.

At flowering stage (49 DAS), the highest nodule number
at > 4.75 mm diameter size was recorded in Dy treatment,
while the D, treatment recorded the highest nodule num-
ber at < 4.75 mm diameter. In addition, nodule number
of smaller size (< 4.75 mm) was more than the larger size
(> 4.75 mm). Fresh and dry nodule weights of both sizes
were higher in full irrigation treatment (D7) than the other
treatments. The highest individual nodule fresh and dry
weights of larger size class were recorded in Dy4 treatment,
but on the contrary, the highest for the smaller size diame-
ter class in full irrigation treatment (D).

At seed growth stage (77 DAS), the highest nodule num-
ber at > 4.75 mm size was recorded in D3 treatment, but
the highest nodule number at < 4.75 mm size was in the

D, treatment. The highest fresh and dry weights of nod-
ules > 4.75 mm size were in D4 and D3 treatment, respec-
tively. However, D, treatment recorded the highest fresh
and dry weights of nodules < 4.75 mm size. The Ds treat-
ment recorded the highest Individual fresh and dry nodule
weights for nodules > 4.75 mm size. On the other hand,
the highest individual fresh and dry nodule weights at <
4.75 mm size were in D; and D, treatments, respectively.

At maturity stage (140 DAS), the highest nodule number
for both sizes was recorded in D, treatment. Total and indi-
vidual nodule fresh and dry weights at larger size ( > 4.75
mm) were the highest in D3 treatment. On the other hand,
total nodule fresh and dry weights at smaller size were the
highest in full irrigation treatment (D). Individual nodule
fresh and dry weights at smaller size (< 4.75 mm) were the
highest in sever water stress conditions (Ds).

3.3 Relationship among the nodulation, leaf

N accumulation, and grain yield at different

growth stages

Correlation coefficients of each nodule parameter with
leaf N accumulation and grain yield are shown in Table 3
and Table 4.

There was a weak correlation and non-significant rela-
tionships among the nodulation, leaf N accumulation, and
grain yield at flowering stage, except total nodule number
at <4.75 mm size that showed significant positive corre-
lation (< 0.05) with yield. Leaf nitrogen and grain yield
showed similar trend of relationships with fresh and dry
weights of total and individual nodule weight at both nod-
ule size classes.

On the contrary, at seed growth stage (77 DAS), total
nodule numbers at > 4.75 mm size had non-significant ef-
fect on leaf N accumulation, but positive significant effect

(p < 0.05) on grain yield of soybean. On the other hand,
total nodule numbers at < 4.75 mm size had positive sig-

nificant effect (p < 0.01) on leaf N accumulation and grain
yield of soybean. Total nodule fresh and dry weight at >
4.75 mm size had non-significant effect on leaf N accumu-
lation and grain yield of soybean, but nodules at < 4.75
mm size had a positive significant effect on leaf N accu-
mulation (p < 0.01) and grain yield (p < 0.05). Individual
nodule fresh and dry weight at > 4.75 mm size had nega-
tive significant effect, but nodules at < 4.75 mm size had a
positive significant effect (p < 0.01) on leaf N accumula-
tion and grain yield at seed growth stage.

The leaf N accumulation and grain yield at maturity
stage (140 DAS) showed non-significant correlation with
nodulation parameters, except total nodule fresh and dry
weights at < 4.75 mm size showed significant negative
correlation (p < 0.05) with leaf N accumulation, and to-
tal nodule number at > 4.75 mm size showed significant
positive correlation (p < 0.05) with grain yield.
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4. Discussion

The highest leaf N accumulation in D, treatment at
flowering and seed growth stages indicated that irrigation
scheduling of 20 — 40 % water deficit of TAW might have
provided an adequate soil moisture condition that is re-
quired for establishing an efficient Rhizobium-host asso-
ciation and subsequent nodule development. This result
agrees with Pahalwan and Tripath (1984) who demon-
strated that under uninoculated soybean plant, more leaf N
accumulation were recorded under mild water stress condi-
tion. The importance of adequate soil moisture for efficient
interaction of Rhizobium and host was also pointed out by
Gallacher and Sprent (1995).

Our results indicated that water stress conditions did not
always inhibit nodulation but rather sometimes enhance
nodulation. In saturated soil, microbial activity is de-
pressed by poor aeration and the limited availability of O,
(Jinfeng et al., 2008). In our full irrigation treatment (D),
excessive water might have resulted in poor aeration, and
thus reduced the number of aerobic soil microorganisms
as well as nodulation. On the other hand, under mild water
stress conditions (D»), facultative anaerobic soil microor-
ganisms might have dominated nodule production. Under
D5 treatment (which is nearer to wilting point), the severe
water stress resulted in an unfavorable growth environment
for the microbes, and this led to the lower nodulation. This
result agrees with Sinclair et al. (1987) that nodulation re-
sponds to drought only when the stress was extremely se-
vere, and that the sensitivity was distinctly different from
the sensitivity of N, fixation to drought. Clein and Schmel
(1994) also found that lower moisture contents inhibited
soil microbial activity.

Water deficit had significant effect on relationships
among the nodulation, leaf N accumulation, and grain
yield at seed growth stage, because physiological maturity
might reach maximum at that time. Sridhara et al. (1995)
found the same phenomenon that critically important pe-
riod for fixation and assimilation of nitrogen in soybean
production is during the interval between initial seed for-
mation and the end of the linear seed-filling phase.

Significant positive relationships among the nodulation,
leaf N accumulation, and grain yield at < 4.75 mm size
indicates that more successful root infection at < 4.75 mm
size class nodules than the > 4.75 mm size class nodules.

5. Conclusions

Our studies demonstrated that the water deficit level
D, (20 — 40% of TAW) was the best for an efficient
Rhizobium-host association and subsequent nodule devel-
opment. Water deficit had significant effect on relation-

ships among the nodulation, leaf N accumulation, and
grain yield at seed growth stage, because physiological ma-
turity might reach maximum at that time. Based on our
results, it can be concluded that successful root infection
of uninoculated soybean was more pronounced in < 4.75
mm diameter size class nodule than the larger ones (> 4.75
mm) under different water deficit levels.

Given the relationship of nodulation and leaf N accu-
mulation with grain yield, it is obvious that no one single
character was important for grain yield. Yield is a complex
terminal outcome of growth to which there are diverse and
interrelated development tracks. However, based on our re-
sults, it appears that nodulation, leaf N accumulation, and
grain yield are important characters to consider during soy-
bean cultivation under deficit irrigation practices.
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Insights into soil water use
through interpreting moisture sensor data

Colin S. Campbelll’z, Lauren L. Bisseyl, Douglas R. Cobos!2, Kelsey M. Dunne!,
Gaylon S. Campbell' and David J. Brown?

Abstract: Data interpretation is a major challenge given
the increasing number of wireless soil moisture sensor net-
works. Although sometimes ignored, site-specific infor-
mation like topography, morphology, and soil type are key
to understanding soil moisture behavior. To improve our
understanding of soil moisture sensor behavior, we evalu-
ated three sites that were constituents of a 12 node wireless
network deployed across a 37 ha field in locations selected
for their geographic diversity. Each site had previously
been characterized with a detailed soil profile analysis.
Continuously monitored water content sensors were in-
stalled at 5 depths at 30 cm spacing starting at 30 cm. Site-
specific characteristics significantly affected soil water dy-
namics. A hardpan in the soil explained unexpected differ-
ences in soil water with depth at one site, while low land-
scape position along with subsurface drainage explained
another. Diurnal redistribution of water could also be seen
at a third location down to 150 cm. Combining data from
intensely monitored sites with plant type, topography, and
soil morphology greatly improve our interpretation of soil
moisture data in the field.

Key Words : soil moisture, water content, data analysis,
soil water use

1. Introduction

Soil water content varies considerably over space and
time. One of the current challenges in soils research is to
quantify those differences at large scales and apply them
to understanding watershed hydrology, ground water con-
tamination, and plant water availability and use (Robin-
son et al., 2008; Vereecken et al., 2008). New inexpensive
soil water volumetric water content (VWC) sensors make
such ubiquitous measurements possible, but do not solve
the problem of large amounts of data that require interpre-
tation. Correlating typical sensor responses in the field to
site knowledge is crucial to the success of these large-scale
projects.

lDecagon Devices, Inc., 2365 NE Hopkins Ct., Pullman, WA 99163 USA.
Corresponding author: Colin S. Campbell

2Department of Crop and Soil Science, Washington State University,
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Studies have already tested the accuracy and repeatabil-
ity of soil moisture sensors (Bogena et al., 2009; Kizito
et al., 2008) as well as their viability in distributed wire-
less networks (Robinson et al., 2008). The sheer avail-
ability of the sensors, as well as the simple application of
a distributed network can easily lead to large amounts of
data that must be archived, displayed and evaluated. In-
herent to these datasets will be three kinds of phenomena
that must be dealt with correctly for proper interpretation:
real data whose trends match the expectations of site, real
data whose trends go against the expectation of the site but
represent fragments of unexpected information about the
system, and artifacts, such as temperature dependence and
sensor failure, that should be filtered from the data. The ob-
jective of this note is to provide some perspectives on soil
moisture measurement by discussing typical soil moisture
data as a learning and evaluation tool for future monitoring
projects.

2. Background

The Cook Experimental Farm at Washington State Uni-
versity is a 37 ha research farm which serves to study many
aspects of no-till crop production. Started in 1999, the
rain-fed farm grows a rotation of crops, divided between
three major sections of the Farm. Precipitation averages
510 mm annually, with the greater portion occurring in
the winter and spring. Soils on the farm are Mollisols
(Palouse (Ultic Haploxerol), Naff (Typic Argixeroll), and
Thatuna (Oxyaquic Argixeroll)) with argillic horizons and
hard pans in some locations. The terrain is moderately
hilly with low-lying areas receiving considerable runoff.

A study is underway to better understand spatially dis-
tributed soil water and evaluate the relationship between
soil moisture dynamics and morphological features. To
that end, 12 wireless nodes were installed at various points
in the fields using a stratified random procedure to ensure
variability and sufficient distance between sensor locations
(Fig. 1). At each site we buried VWC, temperature, and
electrical conductivity (EC) sensors (ECH,O-TE and 5TE,
Decagon Devices, Inc., Pullman, WA) at 30 cm increments
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Fig. 1 Cook Experiment Farm at Washington State University.
This study focuses on three sites (marked Site 1, 2, and 3); a sub-
set of the 12 measurements sites (stars) in the project. Contour
lines and shading indicate possible drainage paths for water to-
ward Site 2.
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Fig. 2 Changes in VWC with time at Site 1. The sensor at
120 cm, located just above a hardpan layer in the soil, shows the
largest change over the summer dry-down period.

Volumetric Water Content (m3 m3)
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8

-160

Fig. 3 Changes in VWC with depth (convention: negative val-
ues indicate depths below soil surface) for the same time period
at Site 1.

from 30 to 150 cm below the surface. The sensor nearest
the surface was installed into the sidewall of a 45 cm deep
trench; the other four sensors were installed in the base of
a 5 cm auger hole at their appropriate depth (one per hole)
and backfilled and repacked with native soil (with care to
limit air gaps).

Soil moisture, temperature, and electrical conductivity

data were collected continuously at 1 hour increments
(Em50 Datalogger, Decagon Devices, Inc.) and transferred
via a central collection point (DataStation, Decagon De-
vices, Inc. and CR850, Campbell Scientific, Inc, Logan,
UT) and cell modem gateway (AirLink, Campbell Scien-
tific, Inc.) to the internet. Gaps in data were generated
from regular infield operations (spraying, fertilizing, etc.)
as well as harvest when the data collection systems were
removed from the field. General environmental data, such
as precipitation, were collected at a central location in the
field. Slope, aspect, elevation, and morphology were mea-
sured directly at each of the 12 sites.

In our analysis, we consider three of the sites in depth to
learn more about sensor behavior. The first site was located
near a hilltop with a southerly exposure and was planted
with winter wheat (Triticum aestivum) the preceding fall.
Augering for sensor installation unearthed a hardpan layer
between the 120 and 150 cm sensors. The location of Site
2 was at the bottom of a large drainage area (Fig. 1) where
a robust crop of triticale (Triticale hexaploide) was grow-
ing; no soil anomalies were exposed in this location. Also
planted to winter wheat, the third site was located on a toe
slope and was more typical of the other nine sites in the
study.

3. Data Interpretation and Discussion

Water use by the winter wheat at Site 1 over the summer
of 2007 was similar to what we expected for the silt loam
soil where they were installed (Fig. 2). Rain fed wheat
is known to root deeply in the soil and Fig. 2 shows the
continuous progress of the root extraction down through
the soil to 1.2 m deep. Curiously, the 120 cm sensor read
much higher than the other four at the time of installation.

Further, the initial reading of 0.50 m* m~—3

is certainly near
the upper limit for the silt loam soils of the Cook Farm.
Although several things might have caused this (poor in-
stallation, low-density soil, and air gaps around the sen-
sor), during installation we observed a hardpan between
120 and 150 cm that may be the root cause. It is likely that
infiltrating water ponds above the hardpan and keeps the
soil closer to saturation compared to other depths.
Moisture content change with depth due to crop water
use is also somewhat unexpected (Fig. 3). Water is taken
from the 30 and 60 cm levels as expected; as the 30 cm sen-

sor reached a minimum, the 60 cm sensor begins to drop in
earnest. Initially, moisture at 90 cm shows a similar trend,

but does not drop as low as those at 30, 60, or 120 cm. The
reason for this is unclear. At the same time, the water con-
tent at 120 cm is dropping quickly, showing a higher pref-
erence for water at that depth compared to 90 cm, possible
because of the abundant water above the hardpan. The 150
cm sensor exhibits very little change across the entire sum-
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Fig. 4 Winter recharge at four depths (60 cm sensor was dis-
connected) at Site 1. Precipitation events are visible at the 30 cm
sensor, while recharge at deeper depths occurs much more slowly.
The soil surface was devoid of living plants until after 1/4/08.
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Fig. 5 Summer water use at the low-land site (2). After an
initial response to plant use, sensors show water content remains
relatively constant or increases across the summer.

mer. Although this is reasonably deep in the soil, most of
the other sites growing wheat exhibited as much water use
at 150 cm as at the other measurement depths. Although
there are other possible reasons, it is likely that the hard-
pan not only impeded water movement, but also limited
root growth below that level, thus reducing water uptake
(Passioura, 2002).

The winter recharge period in Fig. 4 shows soil moisture
returning to similar VWC levels as the previous year. As
expected, infiltration events can be seen clearly at 30 cm,
but produce only small changes at 90 cm (60 cm sensor
was disconnected). Over time, the upper soil layers exceed
field capacity and drain water down to the 120 cm and fi-
nally 150 cm levels. All sensors returned to VWC values
similar to their previous spring values giving confidence
that changes observed are related to soil processes and not
ancillary effects.

Site 2 requires more interpretation (Fig. 5). Without
knowledge of its landscape position, the reaction of all the
sensors would be perplexing. At 30 and 60 cm, the wa-
ter content initially decreases similar to Site 1, but flatten
after a rainstorm. Sensors lower in the profile show water
content that increases at times during the season. Although
some of the difference in water uptake could be attributed

to a change in crop type (triticale vs. wheat), the vitality
of the crop throughout the summer (personal observation)
indicated it had adequate water. The gradual increase at 90
and 120 cm indicate water was coming from somewhere
other than the soil surface as there was no change in the
sensors above them. Interestingly, the 150 cm sensor does
not respond in a similar manner suggesting water may flow
more easily in some layers of the soil than others. These
data may be consistent with information gathered at Site
1 where water was shown to pond at certain depths in the
soil and have poor connectivity to lower regions.

Often it is difficult to tell the difference between a func-
tional soil sensor and one giving meaningless data. The
30 cm sensor at Site 2 (Fig. 5.) appears to be malfunc-
tioning at the beginning of 2008. After two rain events
in late fall, data increases beyond 70 % and becomes er-
ratic, with drops that cannot be explained in soil environ-
ment. Although there may be physical explanations for
this (freeze/thaw, air voids created around the sensor by
fauna), a more likely explanation is a problem in the sen-
sor itself. This sensor still performed as expected during
the next year (data not shown) suggesting the failure is in-
termittent.

Several studies have shown soil moisture data that con-
tains a superimposed temperature signal of up to 0.003 m>
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Fig. 6 Water content (a) and temperature (b) dynamics at the
toe slope site (3). Although temperature clearly affects the 30 cm
sensor, diurnal variations at 60, 90, and 150 cm (a) are difficult to
elucidate. One possible explanation is the roots are redistributing
the water in the root zone at night.
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m3 /°C or more (McMichael and Lascano, 2003; Or and
Wraith, 1999). Although most sites did not exhibit this be-
havior, it can be seen in Site 3 at all but the 120 cm depth
at various times during the summer (Fig. 6a). Our initial
reaction was to attribute it to temperature affects on the
measured dielectric. However, Figure 6b shows little or no
diurnal temperature change beyond the 30 cm sensor. This,
coupled with the fact that the fluctuations can only be seen
once VWC begins to decrease (i.e. root water uptake from
that depth), suggest redistribution of water by plant roots
as a possible explanation for the phenomenon.

4. Summary

Large amounts of data that require intensive processing
are a result of new inexpensive sensors and more sophisti-
cated dataloggers. Although the opportunity for more in-
tensive sampling can lead to better understanding of the
natural environment, correct data interpretation of these
data is a necessary precursor. Our review of data from the
Cook Experiment Farm shows soil moisture often does not
trend in the manner we expect. Things like landscape po-
sition, soil morphology, and plant response change water
content data in ways that would not be expected by simply
looking at precipitation data or soil surface features. Suc-
cessful analysis of these characteristics can lead to higher
quality data analysis and a better understanding of how wa-
ter behaves in the soil.

O

References

Bogena, H., Huisman, J.A., Oberdorster, C. and Vereecken, H.
(2009): Evaluation of a low-cost soil water content sensor for
wireless network applications. J. Hydrol., 344: 32-42.

Kizito, F., Campbell, C.S., Campbell, G.S., Cobos, D.R., Teare,
B.L., Carter, B. and Hopmans, J.W. (2008): Frequency, elec-
trical conductivity and temperature analysis of a low-cost ca-
pacitance soil moisture sensor. J. Hydrol., 352: 367-378.

McMichael, B. and Lascano, R.J. (2003): Laboratory evaluation
of a commercial dielectric soil water sensor. Vados Zone J., 3:
650-654.

Or, D. and Wraith, J.M. (1999): Temperature effects on soil bulk
dielectric permittivity measured by time domain reflectome-
try: A physical model. Water Resour. Res., 35: 371-383.

Passioura, J. B. (2002): Soil conditions and plant growth. Plant,
Cell, and the Environment, 25:311-318.

Robinson, D. A., Campbell, C.S., Hopmans, J.W., Hornbuckle,
B.K., Jones, S.B., Knight, R., Ogden, F., Selker, J. and Wen-
droth, O. (2008): Soil moisture measurement for ecological
and hydrological watershed-scale observatories: A Review.
Vadose Zone J., 7: 358-3809.

Vereecken, H., Huisman, J.A., Bogena H., Vanderborght,
J., Vrugt, JW. (2008): On the

value of soil moisture measurements in vadose zone hy-
drology: A review. Water Resour. Res. 44: WO00DO06,

doi:10.1029/2008 WR006829.

J.A. and Hopmans,

O

coboooooboooooboooooooobobooooOooooboooOoobOboOoOobOboOobOooOOooboboOoooDooo
coboooooooooboooooooboboooboooooooobooboooobooobooOooboboOoooDoog
cooboooooooooobo booooooooboboOooooOooooobboooooooooDooobooog
0000000000 37ha0000 300000000000000000000 12000000
oooooooooooboooooooobo0ooobo0oooooooooboOoooOoooboboOoooDoog
000000000000000000030emO0 30emO00 5000000000000000
odoooooooooooooooooooooooooooDOOOOOOO0 10000000000
ooooooooooooooooooooooOoooooOoOOO200000000000000
Oo0oooooooco3000150emO000O0oOOO0O0O0OO0O0OOO0OO0O000O0O0OOCOO0O0ODOOOC
cooboooobooooooooooboboOoOobooooooboOoobooOoooobOboOoboobooOoOoooDooOoo

goboobogbbooboobobooboobboon



Jougodoooobooodood

Joooobobouoouood

oooo !-oooo?.-oooo0!l-oooo!

Malfunctions of soil moisture sensor and its dependence of data logger

Aki HOSHINO', Haruyuki FUIIMAKI?, Toshiya OKURO! and Kazuhiko TAKEUCHI'

Abstract: We experienced malfunctions in soil moisture
sensors (10HS, ECH;O-TE and 5TE; Decagon Devices
Inc.) and different range of output value of Em5 with
Em5b and Em50, through column experiments. The per-
centages of malfunctions were 17 %, 0 % and 30 % for
10HS, 5TE and ECH,O-TE sensor, respectively. The mal-
function was decided that the output value was too high or
low to calibrate with data logger which is assumed to work.
Also, we found that the range of output value of Em5 data
logger was different from that of Em5b and Em50. There-
fore, it is needed to specific calibration when Em5 data
logger is used with other data logger (Em5b, Em50).

Key Words : soil moisture sensor, data logger, malfunc-
tion
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Tablel OO0 ODOO0O0O0OOOOOOO
The settings of experimental environments.

Plants name grew at pots Stiapa krylovii

Leymus chinensis

Nelica 1

Place

Glass greenhouse at University of Tokyo
25°C06:00-18:000,00

Biotrom (PLMP-50S) at University of Tsukuba
30 °C O turn on the lightO ,

Temperature
20 °C 0 18:00 — 6:000 25 °C 0O turn off the lightO
Humidity 50% + 10 % 50% + 10 %
Day length 15h 14h
Soil type Andosols Andosols
Table2 OO00OO0OOOO0O0OOOOOOOOOO
The number of malfunction sensors at each kind of sensor.
Plants name grew at pots Stiapa krylovii Nelica 1
Leymus chinensis
Soil moisture sensor 10HS 5TE ECH,0-TE 5TE ECH,0-TE
The number of used sensors 12 2 4 3 6
The number of malfunction sensors 2 0 0 0 3
Depth of sensors] cm[J 5,15,25 5,15 5,15,25 5,15, 30 5,15, 30
Depth of malfunction sensors O cm0 5,15 15, 30, 30
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Calibration and applicability of EC-5 sensor

Hiromi IMOTO!, Taku NISHIMURA!, Tsuyoshi MIYAZAKI!

Abstract: Sensors detecting soil volumetric water content
by measuring the dielectric constant of the media are be-
coming popular in environmental science. Some of them
such as EC-5 (Decagon devices Inc.) is convenient due to
lower price and smaller size. However, it is still not clear
size of region the sensor can detect moisture. In addition,
some soils do not obey to the supplier distributed calibra-
tion curve between output voltage and volumetric water
content of the media. Here, we tried to determine size of
active area around the sensor. As well, a new procedure to
determine a calibration curve based on soil water retention
curve is proposed.

Key Words : soil moisture sensor, calibration, water char-
acteristic curve, the range of influence of probe
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Applications of ECH,O probes to the environmental control field in biology
Yuji ITO!, Hideki MIYAMOTO?, Eriko YASUNAGA!, Toshihiko EGUCHI! and Jiro CHIKUSHI!

Abstract: Moisture measurements in a hydroponic
medium with growing carrot and in a rough-rice medium
using ECH,0O probes (EC-5, ECH,O-TE; Decagon De-
vices) have been conducted as case studies on applications
of the probes to the environmental control field in biology.
In the hydroponics, it was difficult to apply directly EC-
5 sensor to moisture measurement in the medium due to
the effect of conductive nutrient solution on EC-5 output
voltage. To eliminate the effect, a correction method that
may be acceptable for known and stable electrical conduc-
tivity condition was proposed and examined. The results
showed that the correction method was useful for estimat-
ing relationship between volumetric water content in the
medium and the output voltage under various conductiv-
ity conditions. For the rough-rice medium, the moisture
decline in the drying process was confirmed by the mea-
surements using EC-5 and ECH,O-TE sensors. From the
experiments, we could obtain non-linear functions that are
highly relating the moisture in the rough-rice medium to
output voltage or relative permittivity.

Key Words : capacitance moisture sensor, culture medium
management, stored grain, relative permittivity, electrical
conductivity
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Soil water monitoring and problems in the Loess Plateau, China

Tadaomi SAITO!

Abstract: The Loess Plateau in northwestern China is
one of the most seriously affected regions by soil ero-
sion in the world. For afforestation on steep slopes in
the Loess Plateau, a small scale water harvesting system,
called fish-scale-pit”, is commonly used to reduce erosion
and increase soil water storage. To evaluate the effective-
ness of this system, soil water and heat movements have
been monitored in an experimental site using various mon-
itoring devices in the north of Loess Plateau. In this pa-
per, I focused on the soil water monitoring using dielectric
probes in this site. ECH,O probes, models EC-5 and EC-
20 (Decagon Devices), have been set at various depths in
the site. Three main problems on the soil water monitoring
caused by use of the probes were discussed: (i) tempera-
ture dependence of the probe outputs, (ii) data loss due to
breakdowns of the probes and (iii) individual variability of
the probes. It is difficult for users to solve the problems
(i1) and (iii); further efforts by manufactures to provide ir-
refrangible and precise probes are anticipated.

Key Words : dielectric probe, soil water monitoring, water
harvesting, Loess plateau
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Focusing on nitrogen export
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Process-modeling approach toward estimation of greenhouse gas emissions from crop lands
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Tablel DNDC-Rice 0OO0O0OOO0OOOODO
Input data used by the DNDC-Rice model.

Category Data
Latitude.
Yearly averages for: atmospheric CO;, N concentration in precipitation.

Climate Daily data for: maximum and minimum air temperatures, precipitation,

and solar radiation or hours of daylight.

) Clay content, bulk density, pH, organic C, reducible Fe content,
Soil . .
field water-holding capacity.

Crop: planting date, harvest date.
Tillage: date, tilling depth.
Farming management Fertilization: date, fertilizer type, amount of N
Manure application: date, manure type, C/N ratio, amount of manure C.

Water regime: flooding period, floodwater pH.

Photosynthesis,
C allocation

N & water uptake
Litter fall

NH,, N,
N,O, NO
NO3-

Nitrifi . Decom- || Methanogenesis
Denitrifi. position Reduction

cO,

Fig. 1 DNDC-Rice 0O0OOOOOO
Schematic description of the DNDC-Rice model.
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Fig.2 000000000000 0000OO0 CH4O000000000000000200500001MmM
Comparison between the predicted and observed daily CHy fluxes from rice fields in Koriyama under different durations of midseason
drainage (dates represent month/day of 2005 for midseason drainage).
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Estimated average seasonal CH4 emissions (kg C ha~1) from the
Hokkaido rice fields in the conventional and four alternative wa-
ter regimes.

Straw application regime

Water regime* Total

Spring  Autumn  None
Conventional 344 267 38 249
7D- 7D 293 212 27 207
14D- 0D 245 181 24 174
14D- 7D 223 159 21 157
14D-14D 212 148 19 147

* 7D-7D, drained for 7 days in both June and July; 14D-0D, drained for
14 days in June; 14D-7D, drained for 14 days in June and 7 days in July;
14D-14D, drained for 14 days in both June and July.

Fig. 5 0000000000 O0OO0OOODOOOOO 3000
00000o0oo0o0oo0O0o000o00oo0ooo0n

Location of the 61 cells used in the regional assessment of farm-
ing management on Hokkaido. Shaded area represents the distri-
bution of rice fields.
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Challenges in numerical simulation of CO, geologic storage

Hajime YAMAMOTO!
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Infiltration into a soil profile: 2. Influence of the initial water content.
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Soil water diffusivity, D,, (cm d?)
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Tablel ODOO0OO0OO0OO0OOO0OO0OvanGenuchten OO OO0O0O
000 6(k)00000000 K(h)O

Soil type h(cm) 6(h) (cm? ecm™3) K(h) (cmd™!)
-1 0.410 85.9
—-10 0.343 13.5
-20 0.266 2.19
-25 0.239 1.04
Sandy loam —31 0.214 0.485
—-50 0.168 7.72 x 1072
—-55 0.160 5.27 x 1072
—80 0.134 1.15 x 1072
—500 0.079 5.25 x 107°
-1 0.460 3.68
-10 0.451 1.50
-20 0.439 0.83
-25 0.432 0.648
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