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The effect of sediment chemistry on the successful establishment of wild
rice (Zizania palustris L.) in northern Saskatchewan water bodies
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Abstract

Sediment chemistry of productive and non-productive wild rice sites was measured over 3 consecutive
growing seasons. Although productive sites differed from non-productive sites in terms of pH, N and
potential N mineralization, redox potential was considered to be the major factor which distinguished
these site classes. Productivity of wild rice in commercial stands could not be consistently correlated to
sediment nutrients. However, growth appeared to be restricted in strongly reduced sediments and
sediment Eh is considered to be a rapid, accurate method of estimating site potential. Good growth is
expected if Eh is above —150 mV while poor growth is expected when Eh drops below —200 mV. Eh
values of sediment samples changed as storage time increased. It is therefore recommended that Eh is

recorded on-site.

Introduction

Lake grown wild rice (Zizania sp.) has become a
crop of economic significance in Canada with
production in 1989 exceeding 1.6 million kg. It is
a nutritious cereal, rich in B vitamins and low in
fat. Canadian wild rice is marketed as a natural
food since it is grown without the aid of fertiliz-
ers or other agrochemicals and it is popular in
gourmet recipes and in health food stores. In
Canada it currently sells for $10-20 kg, but the
price may be considerably higher in Europe. To
further expand production an increasing number
of remote access sites are being test seeded. This
is often labour-intensive, wasteful of seed, and
the results remain unknown until well into the
growing season. Consequently, there is a need to
develop a rapid, reliable, and cost-effective
method to test the suitability of potential wild
rice sites.

Wild rice grows in shallow (<1 m) lakes and
slow moving rivers throughout the southern

boreal forest region of central and eastern
Canada. Many of the site requirements such as
water depth, water clarity, plant competition and
shelter from wave action (Aiken et al., 1988) can
be evaluated quickly. However, at many loca-
tions, although conditions appear suitable, wild
rice still will not grow. This suggests that sedi-
ment conditions may be unsuitable for germina-
tion or growth. Past research relating wild rice
productivity to sediment chemistry has been in-
conclusive. Lee and Stewart (1984) suggested
that available sediment P and sediment texture
were important in the establishment of wild rice.
Lee (1986) later concluded that poor growth
could result from low P and Zn levels or low
organic content. Further study on an established
wild rice stand suggested that yields declined due
to the decreasing availability of nitrogen
(Keenan and Lee, 1988).

One important aspect of sediment chemistry
which has received little attention in lake wild
rice research is sediment redox potential (Eh).
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Oelke et al. (1982) reported Eh values ranging
from —215 to —315mV in wild rice paddies in
Minnesota: this appears to be the only reference
to Eh for this crop. Eh has been studied in
several natural vegetation communities (De-
Laune et al., 1979; Yamasaki, 1984) and numer-
ous studies in rice (Oryza sp.) paddies have
demonstrated the effect of soil reduction and
anaerobiosis on plant performance (Patrick and
Reddy, 1978; Ponnamperuma 1972). As oxygen
availability declines there is a sequential reduc-
tion of NOJ to NH;, Mn(IV) to Mn(1I), Fe(III)
to Fe(II), SO;™ to H,S, and CO, to CH, corre-
sponding to a drop in Eh from +700mV to
—300mV (Patrick and Mahapatra, 1968). Pon-
namperuma (1978) found that soil reduction
could benefit white rice production since low Eh
favoured N fixation, increased the solubility of P,
Si, Fe, Mn and Mo and suppressed Mn and Al
toxicity, although the availability of S, Cu and
Zn was lowered. ‘Germination and growth is
generally retarded at O, concentrations below
0.3% which can occur at Eh, +300 mV in sub-
merged soils. The accumulation of toxic decom-
position products such as H,S and CH, at very
low Eh are also detrimental (Ponnamperuma,
1978).

This study compares sediment nutrient levels,
PH and loss of ignition (LOI) at productive and

non-productive wild rice in northern Saskatch-

ewan and investigates the relationship between
sediment Eh and wild rice growth. The suitabili-
ty of sediment Eh as a method of new site
selection is discussed.

Methods
Field procedure

Field studies were carried out over 3 consecutive
growing seasons from 1987 to 1989 at various
sites near Meadow Lake (54°8'N, 108°26'W) in
northwest Saskatchewan. Sediments from 29
sites were sampled during late August 1987.
Both productive (24 sites) and non-productive (5
sites) were selected. Sites were considered pro-
ductive if they supported a commercial crop of
wild rice (>100kg ha™) in the previous year.
Non-productive sites were those that produced

little or no wild rice (<50kgha™') following
seeding trials. Thirteen of the sites sampled ip
1987 were revisited in May and August 1988
together with 6 additional sites. Of the 19 sites
visited in 1988, 10 were productive and 9 were
non-productive. Sediment samples collected ip
May, 1988 were analyzed and compared with
those sampled in August, 1987 to determine if
sampling date significantly affected nutrient
levels. An Ekman dredge was used to collect the
top 20 cm of sediment approximately 50 cm from
established plants. This provided a composite
sample of material from within the rooting zone
but beyond the oxygenated microzone adjacent
to the roots. Two samples were collected at each
site. Each sample was sealed in a plastic bag,
packed on ice, transported to the laboratory and
placed in a refrigerator to await chemical
analysis.

Sediment redox potentials were measured with
a platinum electrode (Fisher model 13-620-277)
during the early flowering (July) and mature
(August) plant stages in 1988. Two readings
were taken: one immediately upon collection
and the second upon arrival at the laboratory.
The probe was held vertically in the sediment
and the value was recorded when the reading
stabilized. After each reading the probe was
rinsed with lake water and wiped clean with a
cotton cloth. Eh values were not corrected to pH
7 due to the uncertainty of the correction factor
in highly reduced sediments (Baas Becking et al.,
1960).

In the third year only Eh measurements were
carried out. Eight productive and eight non-
productive sites were sampled in mid-May, mid-
June, late July and mid-August, corresponding
to the preemergent, floating leaf, flowering and
mature stages of wild rice development. The Eh
procedures were identical to those used in 1988.

To determine the effects of 6 different storage .

treatments on redox potential sediment collected

from a non-productive site was subdivided imme- - -
diately into 30 plastic bags giving 5 replicates per .
storage treatment. Treatments included; (l) g |
stored on site for 3 days at air temperature . =
(5—20°C) then stored in the laboratory at room - -
temperature (25°C), (ii) as in treatment (i) ex- .
cept laboratory storage was in a refrigerator_-
(4°C), (iii) placed immediately on ice (0°C) for 3

= |

|
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days then stored in a refrigerator (4°C), (iv)
immediately frozen (—20°C) and stored for 7
days, (v) immediately frozen (—20°C) and stored
for 14 days, and (vi) immediately frozen (—20°C)
and stored for 21 days. Redox potentials were
measured after the sediment had been bagged
and for unfrozen samples, at 7 day intervals for
21 days. The procedure was the same as that
used when measuring the redox potentials at the
different lake sites.

The density of the wild rice stands was re-
corded from twenty five 0.25 m* quadrats during
the mature plant stage in 1988 and 1989. A
sample of 40 plants was collected at random
from each productive site. Because wild rice
kernels readily shatter when mature, grain pro-
duction of each head was measured indirectly by
counting the pedicel scars left by the female
florets. The potential yield of each site was calcu-
lated as the product of stand density and number
of florets. ‘

Laboratory procedures

Sediments were analysed for available nutrients
in their wet state. In 1987 inorganic P and some
organic P was extracted using the Bray-P, tech-
nique (Bray and Kurtz, 1945) and determined
with a Technicon Auto Analyzer; in 1988 analy-
sis was by 0.5M NaHCOj extraction and induc-
tive coupled plasma (ICP) spectrophotometry
which removed only inorganic P. NH, was ex-
tracted with 2N KCl and read on the Auto
Analyzer. Fe, Mn, Zn, and Cu were extracted
with 0.1N HCI and measured on the ICP spec-
trophotometer. Ca, Mg, K and Na, extracted
with 1N NH,OAc solution, were determined by
spectrophotometry. CaCl, (0.001 M) was used to
extract SO;”; determination was by ion
chromatography. Duplicate samples were anal-
yzed for each site at each collection period.
Mean values were subsequently used in the
statistical analysis. Concentrations of all ele-
ments were expressed on a volume basis (1m X
Im X 20cm). Biological N mineralization was
estimated by the Waring and Bremmer method
(Page et al., 1982) except NH, extraction was
with 2N KCI. Total sediment C and N were
measured using a Leco CHN analyzer. An
H,SO, digest was used to extract total sediment
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P and K. Sediment pH was measured by elec-
trode from a 1:1 soil-double distilled water mix-
ture (10mL each) shaken for 45 minutes. LOI
values were determined by igniting 40 mL oven
dried sediment for 8 hours in a muffle furnace at
600°C.

Results

The results of the sediment chemical analyses are
listed in Tables 1 and 2. The large standard
deviations which existed for all variables except
pH illustrate the great variation in sediment
chemistry between sites in each productivity
class. The only variable in 1987 which differed
significantly was pH (p <0.05) with the non-
productive sites measuring 7.2 compared to 6.7
in the productive sites. The 1988 data revealed a
significant difference in NH, concentrations
(p =0.05), with the non-productive sites averag-
ing 4.7g 0.2m™> compared to 262 02m™ in
the productive sites. Potential N mineralization
of the sediment samples collected in the spring of
1988 also showed a significant difference (p <
0.05), again with the non-productive sites show-
ing higher levels. In addition. the mean Eh of
—214mV measured at the non-productive sites
was significantly lower (p=<0.01) than the
—112mV noted for the productive areas. Eh
data for 1989 are presented in Table 3. The
seasonal mean Eh for productive sites ranged
from —30 mV (site 5) to —204 mv (site 1). How-
ever, site 1 did not produce a commercial stand
in 1989, but was included in the productive
category because it had been successful in previ-
ous years. The non-productive stands were less
variable with values ranging from —200mV to
—264 mV. The overall mean value for productive
sites was —116 mV, this was significantly greater
(p=<0.01) than the —232mV average for non-
productive sites.

A considerable variation in productivity ex-
isted among the commercial sites. Stand density
averaged 74 stems m~” in 1987 and 101 stems
m™ in 1988. In 1989 stand density ranged from
22 to 76 averaging 53 stems. Similarly, potential
productivity was highly variable averaging 2411
kernels m ™2 in 1987, falling to 360 kernels m 2 in
1988. An average of 1937 kernels m™> was re-
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sites. Student’s t was used to determine significan
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ge) sampled in 1987 and 1988 at productive (P) and non-productive (N) wild rice
t differences in paired data (n=24 and 17 for P 1987 and P 1988; n =5 and 9 for

Sediment 1987 1988

variable Site Mean Range t Site Mean Range t _

N(as NH;)® P 4.4=3.05 1.0-11.1 1.66 P 26=15 1.2-6.6 2.58*
N 2216 0.7-4.3 N 47%13 3.0-6.8

P P 52%63 1.0-28.0 —-2.03 P 0.16 =0.09 0.09 —-0.37 1.49
N 24=13 1.0-4.6 N 0.26 +0.16 0.13-0.55

K P 4125 0.5-9.8 1.41 P 5.1=1.6 23-171 0.21
N 56=x14 41-82 N 5012 2.7-6.6

CA P 257£95.7 82—-456 1.26 P 220=89.1 94 — 364 0.88
N 360 = 194 185 — 569 N 259+58.4 192 — 342

Mg P 34.2=174 11-98 1.28 P 33:2x129 15.6 —51.6 0.85
N 45.0=22.2 254-72.7 N 39.0x11.3 26.4—-52.7

Fe P 228 =170 0-622 1.62 P 16.7=16.4 0.2-475 2.07
N 107 =103 1-247 N 267=272 0.3-721

Zn P 0.46 =0.42 0-17 0.72 P 093=1.1 0.18—-4.1 1.04
N 0.32+0.35 0-0.73 N 1.65=1.4 0.0-43

Mn P 142=11.4 32-553 —-2.06 P 7.9=4.6 29-183 1.85
N 7.4=5.7 1.2-17.6 N 19.3%13.3 45-39.3

L.O.I.(%) P 45.2%16.5 29.8-88 0.62 P 49.9=145 29.2-84.6 0.29
N 49.8x14.2 30— 68 N 52,1122 32-65.2

pH P 6.7x0.5 5.6-7.7 2.39* P 6.6=0.3 6.0-7.1 0.94
N 72%0.2 6.8—17.5 N 6.7=0.2 6.3-7.0

* p=<0.05.

* Nutrient concentrations in g0.2m ™

Table 2. Sediment variables (mean = SD and range)
Student’s t was used to determine significant differe

sampled in 1988 at productive (P) and non-productive (N) wild rice sites.
nces in paired data (n=17 for P and 9 for N)

Sediment Site Mean Range t

variable

Eh (mV) P —-112+31.7 -28 — —-157 7.50**
N —-214+31.1 —-182—--275

Mineralizable N* P 16.5+6.6 9.8—-259 2.79*
N 29.8+8.7 21.7-455

C(%) P 30.1=6.6 22.4-37.7 0.7
N 27.4+59 19.0-32.5

N(%) P 2.6x0.5 1.9-3.24 1.07
N 22+0.5 1.58 -2.75

P(%) P 0.11 £0.02 0.08-0.14 0.14
N 0.11+0.02 0.08-0.13

K(%) P 0.16 £0.07 0.09 —0.24 0.23
N 0.16 £0.04 0.12-0.22

SO;” P 1.06+1.19 0.04 —2.96 0.86
N 1.61x1.24 0-16-3.18 '

* Nutrient concentrations in g0.2m ™

** p=<0.01.
* p=<0.05.
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Linear correlation coefficients were calculated
between sediment chemistry parameters and pro-
duction (Table 4). Significant negative values
(r=—0.47, p <0.05) resulted between stem den-
sity and Fe and Zn in 1987. No significant nega-
tive correlations were noted in 1988. Plots were
made comparing sediment nutrients to the yield
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parameters to determine if nonlinear relation-
ships existed; none were dectectable. Correlation
between Eh and stem density in 1988 was r=
0.57 and midway through the 1989 growing sea-
son was r=0.72 (p <0.05). However, no signifi-
cant relationship was noted between Eh and
potential production at commercial sites.

Table S depicts the response of sediment Eh to
various storage treatments over a time period of

Tuble 5. Mean Eh values (mV = SE) for productive and non-productive wild rice sites sampled in 1989 (n=2)

Site

1 2 3 4 5 6 7 8
Productive sites
Mid-May —199 =24 —-206=11 —-211+22 —-62=25 -51=10 -37+x23 —-142 =26 60 = 34
Mid-June —200= 14 —147=13 156 =14 -84=17 —23=26 —-25%=26 —160 =42 =95+37
Late-July —204 =28 —138 =9 —-131=14 113 =14 -31+17 -71=13 —-161 =13 —=70£20
Mid-August —212+28 —-208=8 —-174 £27 —-94=21 —-15+11 —46 =20 —134 =33 —-36=42
Mean —204=6 —175 £37 —168 =34 —88 =21 -30=15 —47 =17 —149=13 —-65x=24
Non-productive sites
Mid-May —206 =18 —222+17 —-223 =18 —217%13 —-200=11 —222+19 —-215=351 =250+7
Mid-June =217%21 —-210=23 —232=42 —232+75 —238 +27 —268 =19 —-203 =21 —241+28
Late-July —-230=16 —-217+11 —190 =34 —-186 =10 —-205*14 =-272+17 —-201=10 —301+14
Mid-August =275+ 64 —262+22 —267=25 -199=10 —267 =25 —284 =23 -182 =4 —204 £33
Mean —237+31 —228+23 —228 =32 -209=20 —228 =31 —-262 %27 —200=14 —264 26

Table 4. Correlation coefficients for sediment chemical variables with wild rice production indices

1987

Stem density

Potential production

1988

Stem density Potential production

(n=24) (n=20) (n=10) (n=10)
N —0.18 0.03 -0.17 0.15
P -0.37 —0.08 -0.25 0.16
K —-0.10 -0.29 -0.48 —0.14
LOI 0.23 0.37 0.24 0.08
Ca -0.09 0.10 —0.42 0.04
Mg —0.29 —0.19 —-0.50 0.07
Fe —-0.47* -0.17 0.22 0.06
Zn —0.47* -0.41 0.43 0.00
Mn -0.32 —-0.05 -0.50 -0.21
pH 0.17 0.11 0.06 0.22
* p<0.05.
Table 5. The effect of time and six storage treatments on mean sediment Eh values (mV £SD; n=5)
Time Treatment
(days) i ii iii iv v : vi
0 —249 =31 —246 =11 -250=11 —=229+12 -219+18 -251+14
7 -271+20 =251%11 —246 £ 16 —255+26 - -
4 —-329+7 -295+11 -277+19 - —284 %5 -
21 -329x17 -298 =11 —-296 12 - - =305 =14
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21 days. After 14 days all values had dropped
significantly (p <0.01, based on analysis of var-
iance), and Eh continued to fall as storage time
increased regardless of the treatment used.

Discussion

Many sites which are seeded with wild rice seem
incapable of nurturing the crop. Seeds do not
germinate or seedlings die before aerial leaves
emerge from the water. Previous research on
lake wild rice productivity in Ontario suggests
that poor wild rice growth resulted from loose
textured sediment which provided inadequate
anchorage for the roots, and low levels of or-
ganic matter, N, P, and Zn (Keenan and Lee,
1988; Lee, 1986, 1987; Lee and Stewart, 1984).
These results contrast with those found in the
current study. A comparison of sediment
gathered from productive and non-productive
sites indicated that no significant difference ex-
isted for P or LOI (Table 1). In addition, the
non-productive sites possessed more available N
in 1988 and recorded significantly higher poten-
tial mineralizable N values (Table 2). The higher
mineralizable N suggests that there should be an
adequate supply of N to the plants throughout
the year. The faster liberation of N in the non-
productive sites by the soil microbes may reflect
the structure and morphology of the plants which
inhabit the two site classes (Goodshalk and Wet-
zel, 1978; Sain, 1984). Thus, despite suitable
sediment nutrient levels, high percent organic
matter and similar sediment pH, wild rice estab-
lishment was still precluded at these non-produc-
tive sites. Similarly, productivity within commer-
cial sites could not consistently be correlated to
sediment nutrients.

The most significant difference between pro-
ductive and non-productive sediments was the
redox potential. The mean Eh of —214 mV and
—232mV for the non-productive sites in 1988
and 1989 respectively and —112mV and
—116 mV for the productive sites in these same
years both describe a highly reduced environ-
ment, but the degree of reduction is significantly
greater in the non-productive sediments (p=

0.01). Any site which possessed an Eh around-
—200mV did not produce wild rice on a com:
mercial scale. As the Eh readings became les"s"f'
negative the likelihood that the site would yield 3 -
substantial wild rice crop increased and a signifi-

cant correlation (p <0.05) was noted between' ™

stand density and Eh in both 1988 and 1989

However, potential productivity was not signifi-

cantly related to Eh. This could however, be 3

factor of the site classification or sampling proce.

dures used. Thus, site 1 was not commercially -
viable in 1989 an the size of the stand at site 2
had greatly diminished over the past two growing
seasons. In 1987 wild rice at site 2 covered
approximately 5 ha of the lake; in 1989 the stand -
was less than 0.2 ha. Similarly, the strongly nega-
tive value (—211mV) noted during mid-May at
site 3 represented sediment taken from a part of
the lake from which no plants subsequently
emerged; later sampling was conducted in the
productive part of the lake.

Redox values vary with the substrate in which
they are measured. Yaname (1978) suggests that
when the Eh of a soil is measured the reading
should be conducted on a solution extract of the
soil. This allows for a quicker determination of a
solution Eh as the electrons are more accessible
to the electrode than in the case of soil Eh.
However, while Ponnamperuma ( 1972) states
that solution Eh is more meaningful and reliable
than soil Eh, soil or mud potentials provide a
semiquantitative measure of soil reduction and
can be used to test the quality of rice paddy soils.
Consequently, direct sediment Eh measurements

were used in the present study. However, the Eh

readings were not stable over long periods of
storage. This corresponds with work conducted
by Brunskill et al. (1971) who found that the Eh
of 16 Ontario lake sediments was significantly
altered by a 2-week storage period.

The mechanism(s) by which wild rice is affect- -
ed by highly reduced soils was not tested. How-_ -
ever, the range in pH at both the productive and
- non-productive sites indicates that a buildup of - -

toxic redox products is unlikely due to the in-
solubility of these products at pH levels of 5.

7.7 as recorded at these sites. The more probable
causes may include; (i) an inability of the roovts:
to respire and take up nutrients due to competi
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tion with reduced compounds for O,, (ii) toxicity
of microbial respiration gases, and (iii) poor
cermination resulting from insufficient O, if the
«ced is below the oxidised microzone at the
surface of the mud layer (Ponnamperuma, 1965,
1972, 1978; Svare, 1960).

Conclusion

Sediment samples collected from productive and
non-productive sites in northern Saskatchewan
over a two-year period could not be consistently
distinguished in terms of sediment nutrient con-
centrations, LOI, or pH. In siu Eh measure-
ments appear to provide a reliable method for
distinguishing productive and non-productive
wild rice sites. However, samples collected and
stored for subsequent analysis could provide in-
correct Eh values. Redox potentials changed
over a 2-week time period regardless of the
storage method wused; preferably, sediment
should be disturbed as little as possible, and
tested quickly after collection. In addition, sedi-
ment conditions are locally quite variable and
several samples should be taken from the pro-
pesed site to determine uniformity and potential
suitability for wild rice. Although such proce-
dures should provide growers with a rapid
method of evaluating potential new wild rice
sites. actual production at a site cannot be pre-
dicted from Eh readings alone, because other
factors, such as water depth, can greatly in-
fduence plant performance.

Acknowledgements

This study was funded by the Agriculture De-
velopment Fund, Saskatchewan Agriculture. The
chemical analyses were conducted by the Sas-
Xatchewan Soil Testing Laboratory, Saskatoon.

References

Aiken S G, Lee P F, Punter D and Stewart J M 1988 Wild
Rice in Canada. NC Press Ltd., Toronto, Canada, 130 p.

Sediment Eh and wild rice productivity 115

Baas Becking L G M, Kaplan I R and Moore P 1960 Limits
of the natural environment in terms of pH and oxidation-
reduction potentials. J. Geol. 68 243-284.

Bray R H and Kurtz L T 1945 Determination of total organic
and available forms of phosphorus in soils. Soil Sci. 59,
39-45.

Brunskill G J, Povoledo D, Graham B W and Stainton M P
1971 Chemistry of surface sediments of sixteen lakes in the
Experimental Lakes Area, Northwestern Ontario, J. Fish.
Res. Bd. Canada. 28. 277-294.

DeLaune R D, Smith C J and Patrick W M Jr 1983 Relation-
ship of marsh elevation, redox potential, and sulfide to
Spartina alternifolia productivity. Soil Sci. Am. J. 47,
930-933.

Goodshalk G L and Wetzel R G 1978 Decomposition in the
littoral zone of lakes. In Freshwater wetlands: ecological
processes and management potential. Eds R E Good D F
Wingham and R L Simpson. pp 131-151. Academic Press,
New York.

Hayes F R, Reid B L and Cameron M L 1958 Lake Water
and Sediment. II. Oxidation - reduction relations at the
mud-water interface. Limnol. Oceanogr. 3, 308-317.

Keenan T J and Lee P F 1988 Ecological relationships of wild
rice, Zizania aquatica. 7. Sediment nutrient depletion fol-
lowing introduction of wild rice to a shallow boreal lake.
Can. J. Bot. 66, 236-241.

Lee P F 1986 Ecological relationships of wild rice, Zizania
aquatica. 4. Environmental regions within a wild rice lake.
Can. J. Bot. 64. 2037-2044.

Lee P F and Stewart J M 1984 Ecological relationships of
wild rice, Zizania aquarica. 3. Factors affecting seeding
success. Can. J. Bot. 62, 1608-1613.

Mengel K and Kirkby E A 1982 Principles of Plant Nutrition.
International Potash Institute. Worblaufen-Bern, Switzer-
land. 593 p.

Oelke E A, Noetzel D. Barron D, Perchich J. Schertz C,
Strait J and Stucker R 1982 Wild rice production in
Minnesota. Agric. Ext. Serv. Bulletin 464. Univ. of Min-
nesota, St. Paul, MN, 39 p.

Page A L, Miller R H and Keeney D R 1982 Recommended
biological index-ammonium-nitrogen production under
waterlogged conditions. In Methods of Soil Analysis. Part
2. Chemical and Microbial properties. pp 727-728. Soil
Sci. Madison, WI.

Patrick W H Jr and Mahapatra I C 1968 Transformation and
availability to rice of nitrogen and phosphorus in waterlog-
ged soils. Adv. Agron. 20, 323-359.

Patrick W H Jr and Reddy K R 1978 Chemical changes in
rice soils. In Soils and Rice. IRRI, pp 361-379. Los Bafios,
Philippines.

Ponnamperuma F N 1978 Electrochemical changes in sub-
merged soils and the growth of rice. pp 421-441. In Soils
and Rice. IRRI, Los Banos, Philippines.

Ponnamperuma F N 1972 The chemistry of submerged soils.
Adv. Agron. 24, 29-96.

Ponnamperuma F N 1965 Dynamic aspects of flooded soils
and the nutrition of the rice plant. In The Mineral Nutri-
tion of the Rice Plant. IRRI, pp 295-328. Los Baros,
Philippines.

4
1
i3

A




116  Sediment Eh and wild rice productivity

Sain P 1984 Decomposition of wild rice (Zizania aquatica)
straw in two natural lakes of northwestern Ontario. Can. J.
Bot. 62, 1352-1356.

Svare C W 1960 The effects of various oxygen on germina-
tion and early development of wild rice. Minnesota De-

partment of Conservation. Game investigation report No.
3. 1-11 p.

Yamasaki S 1984 Role of plant aeration in Zonation g
Zizania latifolia and Phragmites australis. Aquat. Bot, 1§
287-297. 37

Yaname I 1978 Electrochemical changes in rice soils. In Sods
and Rice. IRRI, pp 381-397. Los Bagios, Philippines. 7

T YSTEETUN Py
s R T ] ey e e S ——————— T I

ST s D e e ey . (] SIS W] MR g < BT

e e e e rrmaren

7l




