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Abstract

The effect of inorganic nitrogen (N) fertilizer on the ionic composition of the soil solution under maize (Zea mays
L.) was studied. A pot experiment was carried out with two treatments combined factorially, with or without N
application (Ca(NOs);; +N and - N treatments, respectively), and with or without plants. Three looped hollow
fiber samplers were installed in each pot to sample soil solutions nondestructively from the root zone, seven times
during the 50-day growth period. Plants were harvested on the 50th day, and their nutrient contents determined.

Effects of N fertilizer on the soil solutions were observed by the first sampling, 2 days after sowing. The
concentrations of Ca and NO3 and electrical conductivity (EC) increased significantly in the +N treatments as
direct effects of fertilizer application. In addition, the concentrations of Mg, K, Na and H also increased and that
of P decreased significantly as indirect effects caused by the re-establishment of chemical equilibria. This suggested
the greater supply as well as the greater possibility of leaching loss not only of NOj™ but also of Ca, Mg and K.
In the treatments with plants, the concentrations of NO;, Ca, Mg and K decreased with time and pH increased
significantly compared with the unplanted soil. The depletion of N in the soil solution roughly agreed with the
amount of N taken up by the plant. The depletions of K from the soil solution amounted to less than 10% of the
amount of the K taken up, suggesting intensive replenishment of K from exchange sites in the soil. Depletions
of Ca and Mg were several times higher than the amounts taken up, indicating that the depletions resulted from
the adsorption of the divalent cations by the soil rather than uptake by plants. Because NO; is hardly absorbed
by exchange sites in soil and was the dominant anion in solution, it was concluded that NO;" had a major role in
controlling cation concentrations in the soil solution and, consequently, on their availability for uptake by plants as
well as their possible leaching loss.

Introduction this direct effect on plants, increase of ionic concentra-

tions in the soil solution following N application have

Of all nutrients, nitrogen (N) usually has the largest
effect on plant growth. Its availability also influences
the uptake, not only of N itself, but also of other nutri-
ents. This has been partly attributed to better plant
growth by which N-fertilized plants have larger root
systems for the capture of all nutrients. As well as
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been reported (Barraclough, 1989; Kishita and Obama,
1965; Okajima et al., 1974; White and Ross, 1936).
Often, the change is a positive one, as demonstrated
for N, P and K (Halevy et al., 1987) and for Ca, Zn and
Cd (Lorenz et al., 1994). Because plants acquire most
of their nutrients from the soil solution, an increase of
ionic concentration in the soil solution should improve
the availability of those ions to plants, other things
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being equal, even though they were not added in the
fertilizer.

Little is known, however, about the soil solution
composition of N-fertilized soils during plant growth.
One reason for this is that there have been few suitable
techniques to collect soil solutions nondestructively
from the root zone. For studies that relied on destruc-
tive sampling (e.g. Barraclough, 1989; Gregory et al.,
1979), it was not possible to study in detail the inter-
relations of ions in the soil solution. In addition most
of the studies which relied on nondestructive sampling
with a suction method concentrated mainly on cation
uptake by the plant (Hansen, 1972; Nielsen and Hansen
1984) or on diagnosis of soil (Itoh, 1982) rather than
on the composition of the soil solution itself.

Bouldin (1989) suggested that soil solution com-
position changes under the rule of electrical neutrality,
and thus, ionic concentrations are interrelated rather
than independent. Yanai et al. (1995) showed that
cation and anion concentrations were related as the
soil solution composition changed during plant growth,
and the dynamics was mostly influenced by the change
of NO; concentration. N application was expected,
therefore, to have complex effects on the dynamics of
the soil solution composition during plant growth.

In this study the authors carried out a pot exper-
iment in which maize was planted on soils with or
without the application of N fertilizer, with special
attention to the dynamics of the soil solution composi-
tion. The objectives of this study were as follows: (1)
to investigate the effects of N application on the initial
soil solution composition; (2) to investigate the effects
of N application on the dynamics of the soil solution
composition during plant growth; and (3) to quantify
the relationship between the amount of elements taken
up by plants and the apparent decrease of the elements
in the soil solution, with special reference to N, K, Ca,
Mg and P.

Materials and methods
Experimental design

The experiment had a factorial design with two treat-
ments, each at two rates of N application with or with-
out plants (Zea mays L., cv. Artus). Each planted treat-
ment was replicated three times and each unplanted
treatment duplicated. In all, ten pots were used.

Table 1. Selected general properties of the soil®

Location Dundee, Scotland, UK
Soil series Carpow
Horizon Ap
Textural class Sandy loam
Loss on ignition 78g100g™!
pH (in water) 6.31
CEC 23.2cmol (+) kg™!
Exchangeable cations
Ca 14.9cmol(+) kg~!
Mg 2.99cmol(+) kg~
Na 0.07cmol(+) kg~!
K 0.58cmol(+) kg~!
Total phosphorus® 434 mg P,05 100 g~!

2Source: Macaulay Land Use Research Institute,
Craigiebuckler, Aberdeen, UK.

bSodium hydroxide fusion method (Smith and Bain,
1982).

Soil and pot installation

Top soil, 0-50 mm depth, was collected in April 1993
from a field at the Scottish Crop Research Institute.
The soil, classified as Eutric Cambisol (FAO-Unesco,
1974) and Eutrochrept (Soil Survey Staff, 1994), is a
sandy loam derived from coarse sand and gravel. It
was air-dried and sieved to remove gravel and debris
>2mm. Some general properties of the soil are listed
in Table 1.

13.2 kg of moist soil (volumetric water content
25%) was packed into each of ten plastic cylindrical
pots, 40 cm high, 18.8 cm diameter, to a depth of
38 cm. The dry bulk density of the soil was 1.00 Mg
m~3. The bottom of each pot was sealed with vinyl
sheet to prevent leaching of the soil solution. Phospho-
rus and potassium (as KH;PO4 and K;SOj, solutions)
were applied uniformly to the soil at rates equivalent
to 15 g P,0s m~2 and 18.4 g K;0 m~2. Nitrogen (as
Ca(NOs), solution) was applied to the soil in 5 pots at
a rate equivalent to 20 g N m~2: the ‘+N’ treatment.
The other 5 pots received no nitrogen fertilizer: the
‘-N’ treatment. An inorganic N compound, Ca(NO3);,
was used to demonstrate the effects of NO3; as well
as to simplify the experiment by avoiding nitrification
process of fertilized nitrogen.

Looped hollow fiber (LHF) technique (Yanai et al.,
1993) was applied to sample the soil solution nonde-
structively from the root zone. The LHF-sampler is
composed of a thin, flexible, polyvinyl alcohol hollow
fiber with an external diameter of 900 ym, a silicon
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Figure 1. Schematic diagram of the pot.

tube and a disposable syringe, and can be used to col-
lect soil solutions by suction method. Three samplers
were installed in each pot, as shown in Figure 1. Sam-
plers of 12 cm loop diameter were placed at depths of
7 cm, 20 cm and 33 cm: the top middle and bottom
layers, respectively. A gypsum block was also placed
at each depth to monitor the water potential at the sam-
pling times by measuring the electrical resistance of
the gypsum block. The soil surface was covered with
black plastic beads to a depth of 1 cm to minimize
water evaporation.

Plant and water management

For planted treatments, three caryopses of maize were
sown initially in each pot at a depth of 1 cm. After five
days, the seedlings were thinned to one per pot.

Pots were watered every two or three days to
maintain the water content at 25%. Water additions
were determined by repeated weighing of the pots.
Deionized water was poured onto the surface of the
pots. According to the moisture characteristic curve
obtained by tension table and pressure plate methods,
a water content of 25% was equivalent to a water poten-
tial of -7 kPa (pF1.8), which was regarded to be near
the field capacity.

The experiment was carried out in a greenhouse at
the Scottish Crop Research Institute for S0 days, from
27th of May to 15th of July, 1993.

Analyses of soil solution and plant material

Soil solutions were sampled seven times: 2, 9, 20, 30,
36, 42 and 50 days after sowing, 24 hours after water-
ing on each occasion. The water potential of the soil
was usually between -3.16 kPa (pF1.5) and -31.6 kPa
(pF2.5). Ten to fifteen mL of soil solution was collect-
ed from each LHF-sampler, which was sufficient for
the chemical analyses of this experiment.

For each solution, the following items were mea-
sured: sampling volume, electrical conductivity (EC),
pH and the concentration of six elements (Ca, Mg, K,
Na, S and P) and two ions (NH; and NO3 ). EC and pH
were measured electrochemically (Jenway Model 4070
EC meter, and Russell combined pH/reference cell).
Ca, Mg, K, Na, S and P were analyzed by inductively
coupled plasma emission spectroscopy (ICP Analyzer
ARL 3580). NH} and NO; were measured colorimet-
rically using a segmented-flow auto-analyzer (Skalar
Analytics, Breda, The Netherlands).

Shoots of the plants were harvested on day 50. They
were weighed, dried, reweighed, ground to powder in
a ball mill, and analyzed for the seven elements as fol-
lows. Concentrations of total N were determined using
aTracermass stable isotope mass spectrometer (Europa
Scientific, Crewe, UK) after the sample combustion
in Europa Scientific Roboprep-CN. Concentrations of
Ca, Mg, K, Na, P and S, were measured by ICP after
digestion of the samples in HCl and HNOj; solution.



Table 2. Correlations among the measurements of electri-
cal conductivity(EC) of the soil solution at successive time
points®.

Time 1 2 3 4 5 6

0.99

094 096

071 075 0383

043 046 052 084

037 040 046 080 099

031 034 040 077 098 099

~N N AW

¢Time points of [ to 7 correspond to 2, 9, 20, 30, 36, 42
and 50 days after sowing.

Statistical analysis

In this experiment repeated measurements of the soil
solution composition were made on the same pots over
a period of time. In such experiments, measurements
on the same pots tend to be correlated, with the degree
of correlation depending on the time between the mea-
surements, and this must be taken into account in the
analysis. Gabriel (1961, 1962) defined a set of repeat-
ed observations to have ante-dependence structure of
orderr if the observations at each time point, given the
previous r observations, are independent of all further
preceding observations. The statistical package Gen-
stat 5 (Payne et al., 1987) has procedures to calculate
the order of ante-dependence of a set of data and to test
for overall treatment effects given the order of ante-
dependence, using the method of Kenward (1987).
Treatment effects at the individual time points may be
examined by analysis of covariance, adjusting for the
previous r observations. The analysis will be discussed
in detail for EC and briefly for the other variables. In
this analysis, H* concentrations were used instead of
pH values.

The complete set of data for plants were subjected
to an analysis of variance with Genstat 5.

Results
Soil solutions

Figure 2 shows the changes in EC over time for each
treatment and position in the pot. The measurements at
each time point are positively correlated, with strong
correlations between successive measurements and a
steady decrease in the correlation coefficients as the
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Figure 2. Dynamics of EC of the soil solution at the top, middle and
bottom layers of the pots. O:-Nitrogen without plant, @ :-Nitrogen
with plant, A:+Nitrogen without plant, A:+Nitrogen with plant.

time between measurements increased (Table 2). The
hypothesis of independence of the variables is rejected
in favor of ante-dependence of order 1, with p<0.001.
The use of a higher order of ante-dependence structure
does not improve the fit significantly. Therefore, anal-
yses of variance at the successive time points will be
highly dependent on each other, but analyses of covari-
ance at each time point, with the preceding observation
as a covariate, will be independent and will show how
the effects of the treatment vary with time. The interac-
tions between +N and -N, unplanted and planted pots
and top, middle and bottom layers are complex and
vary with time as shown in Figure 2.

At the first sampling time, the pots receiving N had
a significantly higher EC than those not receiving N in
both planted and unplanted treatments (p< 0.001). In
the planted pots, this N effect continued until the third
sampling time at day 20, but there was no significant



effect after that. Instead, by day 30, the EC was sig-
nificantly lower in planted pots than in unplanted pots
(p<0.05). Spatial differences were also observed. By
day 20 the EC in the top samples had decreased so that
it was significantly lower than in the middle or bottom
samples (p<0.01), possibly due to stronger effects of
roots which stretched from the top layer to deeper ones
in soil. Also the difference in EC between +N and -N
pots was smaller in the top samples than in the middle
or bottom samples by day 30 (p<0.01), due to greater
amount of nutrient uptake in the +N pots. On day 36,
however, the mean EC of the +N planted pots had
decreased so much that it was no longer significantly
different from the EC of the -N planted pots. In the
unplanted pots, EC was significantly greater in the +N
than the -N pots throughout the experiment (p<0.001).

To present the general trends of the dynamics of
the soil solution concentration of individual ions, we
herein concentrate on the top layer, which would have
been most intensively colonized by roots throughout
the experiment and in which, therefore, nutrient deple-
tions would have been most severe and prolonged.
Again, the plant by nitrogen interaction is complex
and varies with time.

Calcium and nitrate, as the dominant cation and
anion, varied similarly to EC (Fig. 3), although NOy
concentration was less stable with time than EC. Not
surprisingly, calcium nitrate application had a signifi-
cant effect on the concentrations of both ions from the
first sampling time (p<0.001). For the treatments with
plants, concentrations of calcium and nitrate decreased
significantly after 30 days compared with the unplant-
ed soils. After 36 days there was no significant effect
of the N application on the concentrations of calcium
and nitrate in the planted pots.

The application of calcium nitrate also had sig-
nificant effects on the concentrations of other ions in
the soil solution. Concentrations of Mg and K were
increased following the application of calcium nitrate;
pH and concentration of P were decreased (Fig. 3).
In the planted soils, significant depletions in Mg and
K were observed after 30 and 36 days, respectively
(p<0.01). The final concentrations of Mg and K were
as low as 0.1 mM and 0.05 mM, respectively. In con-
trast, the concentration of P and pH increased in plant-
ed soils after 30 days (p<0.01). Nevertheless, P was
always dilute in the soil solution; ca. 0.01 mM. In the
analysis, the sorption of P by the LHF-samplers was
negligible, less than 0.001 mM (unpublished data).

The effects of N application and plants on the con-
centrations of other ions were variable. Concentrations

5

of Nain +N treatments were significantly greater than
those in -N treatments (p<0.01). Na concentrations of
planted soils decreased significantly after 30 days com-
pared with the unplanted soils. There was no significant
effect of N application on the concentration of S, and
on the concentration of NH] which was always as low
as 0.03 mM.

Table 3 shows the correlations between the different
components of the soil solution. NOj is highly corre-
lated (r>0.86, p<0.001) with EC and concentrations of
Ca, M Na, K and H™ . It has a negative correlation of -
0.65 with P (p<0.001). S and NH] are not significantly
correlated with any other ions.

Plant growth and nutrient contents

Table 4 shows that the effect of N application on plant
growth was significant in terms of any indices mea-
sured.

In Table 5, the total amount and concentrations of
elements in the plants are indicated. The effects of cal-
cium nitrate application on the total amount of Ca and
N in plants were significant. On average, plants in +N
treatment had twice as much Ca and 2.7 times as much
N as those in -N treatment (p<0.01). In addition, plants
in +N treatment had significantly more of any element
except Na than those in -N treatment. The increase
was 206% in Mg (p<0.05), 46% in K (p<0.01), 44%
in P (p<0.05) and 65% in S (p<0.01). Even Na showed
the increase in 47%, although it was not significant
statistically.

In contrast, N application inereased the concentra-
tions of only N and Ca significantly (p<0.05). Concen-
trations of Ca, Mg and K were not statistically different
between +N and -N treatments.

Discussion

Effects of N application on the initial soil solution
composition.

Fertilization with calcium nitrate had a direct effect on
the initial total concentrations of cations and anions
in the soil solution as indicated by EC (White and
Ross, 1936). Initial concentrations of Ca, NO;, Mg,
K, Na and Ht were increased by the addition of calci-
um nitrate (Hansen, 1972; Kishita and Obama, 1965).
Those of Ca and NOj, increased directly; those of
other ions presumably by exchange reactions that fol-
lowed the addition of Ca and NO;3 ions to the soil solu-
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Figure 3. Dynamics of the concentration of Ca, NO;, Mg, K and P as well as pH in the soil solution at the top layer. O:-Nitrogen without plant,
@:-Nitrogen with plant, A:+Nitrogen without plant, A:+Nitrogen with plant.

Table 3. Correlation matrix of elements in the soil solutions®

EC Ca Mg Na K P S No;y NHf

Ca 099

Mg 099 1.00

Na 094 093 094

K 091 090 090 096

P 074 073 073 062 -054

s 004 008 006 00l -006 -0.08

NO; 095 094 094 090 089 -065 -0.17

NH; 001 002 003 004 002 00l -007 002

Ht 089 08 089 089 085 -0.66 000 08 003

¢Threshold value for the significance level of 0.01 is 0.19.

tion. The increase of cation concentration was consis- et al., 1995) and ARM values did not change signifi-
tent with the Gapon equation for cation exchange reac- cantly by N application, with the averages of 1.90 and
tion (Nye and Tinker, 1977), and it was more dynamic 2.10, respectively, where

for divalents than for monovalents: Ca, Mg, K and Na
in +N treatment were 3.1, 2.9, 1.6 and 1.8 times more K 0.5
concentrated than those in -N treatment, respectively A}}v ~ logyo[(K)/{(Ca) + (Mg)} 0]5’
(p<0.01). Additionally, cation composition of the soil AR™® —logjo[(Na)/{(Ca) + (Mg)}™]

solution was controlled in such a way that AR¥ (Yanai (M) : activity of the element M in the soil solution



Table 4. The effects of N application on plant growth®

N Height  Fresh Dry weight Leaf Tran-
applic.? weight Leaf Stem Root area Spir.®
(cm) ® & @ (® x10cm?  x10°cm?
-N 120 202 134 116 14.8 2,70 3.79
+N 143 351 221 214 220 441 5.73
k% *% *%k * * * *

%Values are the average of the three samples.

bNitrogen application as calcium nitrate.
¢Transpiration volume.

Table 5. The effects of N application on the total amount and concentration

of elements in the plant (shoot)®

N N Ca Mg K Na P S
applic.?
(mg)
-N 184 526 22.9 608 1.61 59.5 174
+N 498 1037 472 885 237 858 28.7
*k *k * %k ns * ¥k
(kgkg™!) (x 1072)
-N 074 0211 0091 243 0.006 0237 0.070
+N 1.16 0240 0.108 206 0005 0.199 0.067
* * ns ns ns ns ns

@Values are the average of the three samples.

bNitrogen application as calcium nitrate.

The increase of NO; concentration of 15.2 mM
agreed well with the calculated increase of 15 mM
based on the assumption that all the NO; applied
dissolved in water at the water content of 25%. The
increase in concentration of total cations (15.5 meq
L~!) was almost equal to calculated increase of NO;
concentration. This indicates that electrical neutrality
was maintained in the soil solution (Bouldin, 1989;
Sposito, 1981; Yanai et al., 1995), and thus, applica-
tion of NOs3-N inevitably increased the concentrations
of cations as well. Because the soil solution concen-
tration of an element is the intensity factor of the soil’s
supplying power of the element, an increase of soil
solution concentration must account, at least partly,
for the increased plant uptake not only of N but also of
Ca, Mg and K.

Effects of N application on the composition of the soil
solution in the root zone

In the treatments with plants, EC decreased significant-
ly after 30 days as nutrient uptake by the plant became
pronounced. At the same time, severe depletions of

NO3’, Ca, Mg, and K at later stages of growing period
were found not only in -N treatments but also in +N
treatments.

Because high positive correlations were observed
between NO; and concentrations of Ca, Mg, Na, K,
Ht* as well as EC (Table 3) and because NOj is
the anion present in greatest quantity, it is conclud-
ed that NO3 concentration exerts the biggest influ-
ence on the composition of the soil solution. The total
cation concentration counterbalances the total anion
level (Bouldin, 1989; Okajima and Imai, 1975; Yanai
et al., 1995). Severe depletions of not only N but also
cations are, therefore, partly due to the severe deple-
tion of NO; (Yanai et al., 1995). This is expected to
happen even in the field at later stages of plant growth.

Relationship between nutrient uptake by plants and
depletion in the soil solution

To relate the plant uptake with the dynamics of the soil
solution composition in both -N and +N treatments,
the apparent decrease of elements in the soil solution
was estimated by multiplying the difference between
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the concentration in planted treatments at harvesting
and the mean concentration in unplanted treatments
throughout the experiment by the water volume at the
water content of 25%. The calculation was carried out
for each of the top, middle and bottom layers and their
results were summed up to compare with the amount
of plant uptake (Fig. 4).

The depletion of N from the soil solution corre-
sponded to about 85% of the amount of N taken up in
both -N and +N treatments. This suggests a close rela-
tion between the amount of nitrate in soil solution and
plant uptake. Mineralization of N from the soil organic
matter would presumably account for the remaining
15%.

This contrasts with the poor correspondence
between the depletion of cations from the soil solu-
tion and their uptake. The depletion of K in the soil
solution was only 6% and 7% of the amount of plant
uptake in the -N and +N treatments, respectively. This
indicates intensive replenishment of K from exchange
sites of the solid phase into the soil solution. At the
other extreme, depletions of divalent cations were far
in excess of the amount taken up. The depletions of
Ca were 343% and 623%, and those of Mg 144% and
206%, of the amount taken up in the -N and +N treat-
ments, respectively. This suggests that the decrease of
Ca and, to a lesser extent, of Mg were mainly due to
the decrease of anion concentrations rather than plant
uptake of the elements, and excess Ca and Mg which

were not absorbed by plants were adsorbed again on
the exchange sites of the soil solid phase. The con-
tribution of bulk soil solution on the plant uptake of
P was negligible based on this calculation, suggesting
the importance of the rhizosphere in the uptake of P.

The results further indicate that the apparent effec-
tiveness of soil’s supplying power of Ca and Mg
decreased significantly with the increased concentra-
tions of the elements. Intensive agriculture with a great
amount of soluble salts application would, therefore,
result in an apparent lower efficiency of nutrient sup-
ply, at least for divalent cations, compared with con-
ventional agricultural systems, although N application
increased plant growth and plant uptake of the elements
significantly. These general tendencies discussed here
would hold true, more or less, for other types of inor-
ganic N fertilizers as well.
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