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ABSTRACT

Radiant flux density and K are potentially limiting
factors in CO, assimilation by corn leaves having the
common property of being more accessible to the upper
leaves than to lower leaves of the plant canopy. In this
experiment, the effects of K nutrition and shading on
growth and CO. assimilation were evaluated in the
absence of confounding factors such as differentials in
moisture supply, rooting volume, and availability of
other nutrients that often accompany studies having
variable plant populations. Corn was grown outdoors
in sand cultures receiving solutions containing 15, 45,
135, or 400 xg of K/ml. Plant populations of 33,000,
98,800, and 118,000 plants/ha were simulated by pro-
gressive artificial shading of each plant with layers of
shade cloth during growth. Rates of CO. assimilation
by selected leaves, yield of dry matter, and leaf concen-
trations of K were measured at the silking stage. In
general, CO, assimilation rates increased with K levels,
with simulated population, and with proximity to the
plant top. However, these relationships were complex
as evidenced by a significant interaction of K x leaf
location and K X population X leaf location. The in-
teractions apparently were associated with increases in
leaf K concentrations due to less growth with shading and
to movement of K fromn lower into upper leaves under
conditions of K stress. Across all treatment combina-
tions, CO; assimilation was highly correlated (r — 0.89)
with tissue levels of K. Thus, the effects of shading and
leaf position were indirect through their influence on
the concentrations of K in leaf tissue. Measured as-
simlation rates (mg/hour) at canopy illumination levels
for leaves 5, 7, and 9, when the entire leaf surface was
considered uniformly photosynthetic provided indices that
were highly correlated (r—0.96, significant at the 0.01
level) with yields of dry matter per plant.

Additional index words: Photosynthesis, Critical ley-
els of K, Leaf areas, Zea mays L.

OTASSIUM nutrition is usually considered ade-
quate for optimum grain yields when the concen-
tration of K in corn leaves near the ear at time of silk
emergence is between 1.5 and 29, (4). At concentra-
tions < 1.5%,, however, markedly decreased rates of
apparent CO; assimilation have been observed (3, 11).
These decreased rates were related to stomatal resist-
ances (12) and the effect of K on guard cell action (14).
As corn planting densities are increased, average il-
lumination of leaves in the middle and lower canopy
is appreciably decreased. It is not surprising that
grain yields of individual corn plants were decreased
as population was increased (2), since shading of one
corn leaf by another can sufficiently reduce illumi-
nation to cause a 509, decrease in apparent CO; as-
similation (8).

Increasing plant populations may cause both light
stress and nutritional stress of plants. Total effect
of “population stress” upon CO, assimilation rates
and dry matter accumulation rates per plant is now
relatively well documented. However, combined ef-
fects of K stress and light intensity stress have received
only limited attention. In a study with tomatoes (Ly-
copersicon esculentum Mill.), shading decreased pro-
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duction of dry matter and increased concentration of
K in leaf tissue (6). Rice yields (Oryza sativa L.), on
the other hand, were decreased under shading, but
relative yield response to K was greater under shading
than under nonshaded conditions (10). Our objec-
tives in this study were to determine effects of light
environment and K nutrition on growth and appavent
CO; assimilation rates in corn.

MATERIJALS AND METHODS

Corn (Zea mays L., ‘Kentucky 105°) was germinated in ver-
miculite and individual seedlings were transplanted outdoors
into 1l-liter plastic pots containing 16.7 kg of washed Ottawa
silica sand. A plastic cover with an opening for a single plant
was fitted to the pots which were placed on boards in a ran-
domized, complete block design with three replications. Each
replication consisted of 12 pots (three populations; four K
levels) which were arranged in four rows, 243 m apart. Pots
were spaced 2.13 m apart within rows and equidistant from
pots in adjacent rows. Plant populations of 33,000, 98,800, and
118,000 plants/ha were simulated by placing single layers of
plastic saran (1.52 x 0.41 m) above and at sides of enclosures
for leaves 3 to 5, 6 to 8, 9 to 11, and 12 to 13 of each plant
(nunibered from top of plant) at 56, 49, 46, and 35 days after
planting, respectively. Leaves were fully developed when en-
closed with shading. Material for each enclosure was selected
from six densities of cloth to provide illuinination levels in
the canopy equal to that required for the three populations.
Illumination requirements for enclosures were determined from
a graph on which calculated illumination levels in canopies
of three nonsimulated populations (17) were plotted against
plant population for canopy depths of 0, 50, 100, 150, and
200 cm. Calculated illumination levels were obtained using
Monsi’s modification of Beer’s law as described by Stevenson
and Tanner (17) and associating their accumulative leaf area
indices with corresponding extinction coefficients in corn cano-
pies. We assumed that the maximum level of incident light
was 10.8 lumens/cm2 The data of Stevenson and Tanner (17)
were extrapolated for estimating values of 118,000 plants/ha.

“Minus-K” nutrient solution (5) was enriched with K,SO,
to provide 15, 45, 135, and 400 pg of K/ml of solution. Micro-
nutrients other than iron were supplied from a stock solu-
tion (5). Sufficient FeCl, to provide 1 ug Fe/ml of solution
was mixed with an equal weight of nitrilotriacetic acid in 0.25
N NaOH, and enough FeCl; to provide an additional 3 ug of
Fe/ml was mixed with an equal weight of N-(carboxymethyl)N’-
(2-hydroxyethyl)-N,N’ ethylenediglycine. These two solutions
were added separately to the nutrient solution to provide 4
ug of Fe/ml. The pH of the nurtient solution was adjusted
to pH 5 with NH,OH. The pots were flushed three times daily
with nutrient solution.

Ilumination of leaves 2, 4, 7, 10, and 12 were measured be-
tween solar noon and solar noon - 3 hours by shading the
sensor (l-m distance) of a model 756 Weston sunlight illu-
mination meter. A shaded sensor was used to permit a more ac-
curate evaluation of light extinction properties of the canopy.
Discontinuity of direct light in a canopy causes difficulty in
assigning average illumination values based upon point read-
ings with an unshaded sensor. Apparent CO, assimilation rates
aud K concentrations in leaves 5, ?, and 9 were determined at
silking time. Plants were individually transferred to a field
laboratory and net CO. exchange was measured with an in-
frared gas analyzer while leaves were receiving radiant flux
densities ranging from 0.8 to about 7.5 lumens/cni® of direct
light from an incandescent source (11). The leaves were nearly
light saturated at 7.5 lumens/cm? under the conditions of our
experiment. Different levels of illumination were established
by varying the number of layers of nylon screen between the
light source and the leaf chaniber. From smoothed curves re-
lating CO, assimilation rates to illumination levels, rates at
specific levels could be estimated. After nicasurement of CO,
assimilation, the leaves and the remainder of the plant were
harvested and dried at 65 C for 48 hours and ground in a Wiley
mill. Potassium concentrations in the leaves were measured
with a flame emission spectrophotometer after digesting with
a 10:1 uitric-perchloric acid mixture, evaporating a dryness,
and dissolving the residue in 1 N HCIL

Table 1. Illumination from diffuse, scattered light measured
within the canopies of simulated corn plant populations.

Leaf number from top

Simulated
population 2 4 7 10 12
plants/ha IMumination, lumen/cm?
33,000 4.50% 3.00 2.44 2.16 1.76
98,800 4.51 1.79 0.82 0.67 1.18
118,000 4.58 1.15 0.58 0.42 0.62
Difference}
from real
canopy:
33,000 0 -0.55 -0.08 +0.27 +0.23
98,800 0 -0.28 -0.03 +0.04 +0.78
118,000 0 +0.01 +0.04 +0.10 +0.40

1 Means of three replications and four K levels. 1 Differences between
measured diffuse illumination at leaves 2, 4, 7, 10, and 12 and calculated
illumination at canopy depths of 0, 50, 100, 150, and 200 c¢m in three non-
simulated populations assuming maximum diffuse illumination is that received
at leaf 2 (4.5 tumens/cm?).

Significance of treatment means were tested with analysis of
variance (16) and Waller-Duncan’s new L.S.D. tests (19) with
corrected “t” tables.

RESULTS AND DISCUSSION

Illumination from diffuse or scattered light within
each leaf enclosure is shown in Table 1. Illumination
at leaf 2 was measured above the shade cloth and repre-
sented the maximum diffuse light. Note that the
relative changes in illumination with different canopy
shadings were used to describe light extinction pat-
terns; these extinction patterns were used to assign
illumination values for selected leaf levels in the
canopy assuming maximum direct illumination at the
canopy top to be 10.8 lumens/cm? The small differ-
ences between the assigned values and real canopy
values calculated from data of Stevenson and Tanner
(17) indicated that light extinction patterns in simu-
lated and nonsimulated populations were similar, 1l-
lumination at leaf 12 at the two highest plant popula-
tions were slightly higher than at leaf 10 because of
the greater amount of light reflected from the soil sur-
face into this portion of the canopy. However, be-
cause of the data of Pendleton and Hammond (13)
we concluded the small differences in reflected light
intensity probably were inconsequential.

CO, Asstimilation Near Light Saturation. The appar-
ent CO, assimilation rates per unit of green leaf area
by leaves receiving about 7.5 lumens/cm? of incan-
descent light were markedly increased as the level of
K in the nutrient solution was increased (Table 2),
although the magnitude was influenced by leaf posi-
tion. Assimilation rates for leaves in position 7 were
equal to or greater than rates for leaves in position 9.
Differences in leaf concentrations of K for plants un-
der K stress and concommitant changes in CO» assimi-
lation have been reported earlier (9). Only rates for
leaves in position 9 were significantly increased by in-
creasing similated populations; these increases oc-
curred primarily when levels of K in the solution were
>15 pg/ml

At 15 and 45 pg of K/ml and populations of 33,000
and 98,800 plants/ha, leaves in position 9 were signifi-
cantly lower in CO; assimilation than leaves 5 and 7.
Leaf position affected assimilation rates of leaves only
slightly when plants were receiving solutions contain-



906 AGRONOMY JOURNAL, VOL. 68, NOVEMBER-DECEMBER 1976

ing at least 135 ug/ml; the rates for plants receiving
400 pg/ml were significantly greater, however, than
for plants receiving 135 ug/ml. These data confirm
effects of leaf position of corn as reported in a pre-
vious study (9) in which plants were supplied either
with adequate or inadequate K.

CO, Assimilation Below Light Saturation. An in-
teraction between leaf position in canopy, simulated
plant population, and concentration of K in the nu-
trient solution was evident in the response to illumi-
nation levels during the measurement of CQO, assimi-
lation (Table 2). At low simulated populations and
low K levels, CQ, assimilation rates increased with
increasing illumination for leaf 5, but increased only
slightly for leaf 9; at low simulated populations and
high K levels, CO, assimilation increased for both
leaves. In general, the highest rates of CO, assimila-
tion near light saturation were reached as canopy
shading and/or K levels were increased. Furthermore,
as assimilation rates were increased due to treatment,
the level of incident light required to reach light
saturation was increased.

K Concentrations. Table 3 shows increasing K con-
centrations in leaves with increasing degrees of canopy
shading and K levels in culture solutions. Apparently
growth was decreased in response to lower levels of
illumination; within any K treatment, plant growth
was less relative to supply, thereby causing an increase
in tissue levels of K. Leaf 9 had the lowest K concen-
trations in treatments receiving low K and relatively
little canopy shading, whereas at high levels of X and
relatively large amounts of canopy shading, leaf 9 had
the highest leaf concentrations of K. Shading, there-
fore, was not detrimental to retention of K by leaves.

Since the CO, assimilation and concentrations of K
in leaves were both influenced by treatment, we eval-
uated relationships between these two variables as
shown in Fig. 1. The highly significant curvilinear
relation (r = 0.89**) suggests that underlying effects
of shading and K nutrition relate to concentrations of
K in tissue and its effect upon CO, assimilation near
light saturation. Similar curvilinear relations between
grain yield and K concentrations of leaves were noted
by Loué (7) and Hanway et al. (4). The deviation of
data from the line of best fit in Fig. 1 is greater than
indicated in previous work (11) with corn, but simi-
lar to data for alfalfa (Medicago sativa 1.) (1). In
the present study, however, we used leaves that were
necrotic and chlorotic which may have introduced
more variability in the active photosynthetic area and
the K distribution in tissues (15). There is a clear
suggestion in Fig. 1, however, that the critical level
of K, below which CO, assimilation rates were serious-
ly reduced, was about 1.7 to 2.09/. This critical range

was also reported to be the critical level of K for yield
of corn grain in the field (4, 7). With younger plants
and with leaves having no necrosis, 0.75 to 1.09, X (3)
and 1.5%, K (11) had been suggested as critical levels
for CO, assimilation.

Dry Matter Yields. The influence of K nutrition
and simulated population on the dry matter accumus-
lated by each plant is shown in Fig. 2. Significant

** Significant at the 0.01 level.

Table 2. Influence of simulated population, K nutrition, and
illumination on the assimilation of CO, per wnit of green
leaf area.

Leaf S g . 2

Simulated K number Light intensity, lumens/em*“t
population level from top 7.5 4.8 3.2 1.6 0.8
plants/ha  pg/mi —— CO, assimilation, mg/em? /hour —
33,000 15 5 219t 205§ 180 13.3 7.1
7 14.5 13.8 11.3 7.8 4.6
9 3.0 3.0 2.6 1.8 1.0
45 5 26.9 24.9 225 17.9 105
7 31.8 28.4 23.0 16.2 9.6
9 8.0 8.0 6.5 4.6 25
135 5 239 22.6 19.7 147 103
7 31.5 31.1 314 215 121
9 26.1 25.5 214 149 8.6
400 5 39.4 35.2 294 200 122
7 37.5 33.0 271 184 115
9 37.4 36.0 335 2715 179
98,800 15 5 22.6 21.9 20.1 158 101
7 217 20.4 17.2 136 8.6
9 39 3.6 29 2.3 1.5
45 5 28.8 27.9 250 19.3 125
7 26.2 24,6 21.7  16.2 104
9 16.1 14.6 115 191 6.2
135 5 32.8 31.6 27.2 194 122
7 32.9 31.7 29.0 20.0 119
9 33.2 29.1 244 172 126
400 5 35.3 334 28.2 201 115
7 41.8 38.7 326 226 140
9 39.4 35.1 29.0 202 122
118,000 15 5 21.3 19.1 17.1 118 7.3
7 22.7 13.8 155 114 7.0
9 5.2 52 44 3.7 2.1
45 5 25.4 21.3 185 156 107
7 32.0 311 245 156 9.7
9 28.7 31.1 228 155 101
135 5 28.4 26.5 23.3 188 124
7 30.2 26.3 222 188 119
9 31.2 27.5 26.0 20.1 122
400 5 49.1 46.0 39.3 286 153
7 46.0 415 355 259 152
9 46.2 43.7 38.2 248 136
Al DPopulation DK level DLeaf number

5 ns 6.5 -

7 ns 8.8 3

9 6.5 7.1 .

1 Supplied from an incandescent source. I Mean of three replications.
§ Rates at 4.8 to 0.8 lumens/cm* were estimated from smooth curves based on
single measurements. 4 At 7.5 lumens/em?, differences between treat-
ment means that are greater than the corresponding D values are significantly
different, p = 0.05.

Table 3. Influence of simulated plant population and K nu-
trition on the concentration of K in corn leaves.

Leaf number from top

Simulated K
population level 5 7 9
plants/ha g /ml K, % of dry matter — ——
33,000 15 0.45 0.36 0.17
45 0.73 0.78 0.21
135 1.20 1.41 1.08
400 2.66 293 311
98)800 15 0.50 0.52 2.20
45 0.85 0.85 0.71
135 2.03 2.19 2.07
400 251 3.24 3.31
118,000 15 0.60 0.54 0.23
45 1.03 1.17 1.23
135 2.18 2.36 2.47
400 3.13 3.35 3.47
Dfopulation 0.57 0.40 0.49
DK level 0.50 0.37 (.46
Dieaf number 0.16 0.16

* Differences between treatment means in appropriate rows or columns that are
greater than the corresponding D values are significantly different, p = 0.05.
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Table 4. Influence of simulated plant population and K nu-
trition on total leaf area and area of selected leaves of corn.
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45 5.8 5.9 3.3 40.6 (1.7)
135 5.8 6.1 52 655.2 (0.5)
400 6.4 5.8 4.9 55.8 (5.9)
98.800 15 5.7 5.0 4.1 519 (2.8)
45 6.6 5.6 4.8 51.9 (8.1)
135 5.9 6.1 5.4 53.6 (3.1)
400 7.2 6.6 6.0 59.8 (6.1)
118,000 15 5.9 5.2 4.5 48.5 (7.3)
45 5.8 55 4.6 475 (3.8)
135 5.3 5.1 4.7 51.3 (8.2}
400 5.5 5.3 4.0 47.3 (1.5)

+ Mean of three replications.
J Standard deviation of mean leaf area for three plants.
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Fig. 2. Dry matter accumulation of corn plants to the silking
stage as affected by K nutrition and simulated plant popula-
tion.
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ters on top of columns; differences between K treat-
ments are indicated by letters on a face of the columns.
The interaction between K nutrition and degree of
simulated canopy shading was significant: vyield per
plant decreased for each level of shading for plants
receiving more than 45 ug of K/ml, whereas plants re-
ceiving 15 ug of K/ml were less affected by changes in
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Fig. 3. Relation between dry matter yields of corn plants from
varying levels of K nutrition and simulated populations and
indices of CO, assimilation rates for the plants.

canopy shading. Apparently at this K level (all leaves
contained less than 19, K), growth was relatively more
limited by K nutrition than by light. Conversely, at
a simulated population of 118,000 plants/ha, light
intensity appeared to be more limiting because vields
per plant became less dependent on K.

Assimilation Indices. Rates of CO, assimilation per
unit of leaf area and leaf area available for assimilat-
ing CO, should be correlated with the dry matter ac-
cumulation of a plant. However, light environment
of leaves and the leaf areas were continually chang-
ing during growth and development of the plants to
silking. To determine to what degree measurements
at the silking stage (CO, assimilation, light intensity



908 AGRONOMY JOURNAL, VOL. 68, NOVEMBER-DECEMBER 1976

distributions in the simulated canopies, and areas of
leaves 5, 7, and 9) correlated with plant weights, we
used data in Tables 1 and 2 to estimate rates of assimi-
lation for these leaves as it would be expected to occur
in a canopy assuming 10.8 lumens/cm? were received
at the canopy top. These rates were then multiplied
by corresponding leaf areas (Table 4) to obtain an
index of the mean rates per plant for each treatment.
The potential of leaves from different canopy levels
to contribute to photosynthesis can be estimated from
these calculations. If CO, supplies and photosynthate
transport from leaves 5 and 9 are not limiting to CO,
assimilation, our data suggested that leaf 9 could con-
tribute between 9 and 899, as much photosynthate as
leaf 5. Calculated assimilation by leaf 9 was minimal
under low population, low K supply and maximal
under low population, high K supply. Mean assimila-
tion by leaf 9 was calculated to be 409, that of leaf 5
at the two highest populations and K levels. Tripathy
et al. (18) found that somewhat higher percentages of
14C-labelled material were translocated from leaf 4
compared to leaf 11 of corn at silking. Their studies
did not evaluate relative CO, assimilation by the two
leaves.

The relationship between assimilation indices and
yield of dry matter per plant is shown in Fig. 3. The
correlation coefficient (r = 0.96**) suggested that
light environment of selected leaves and potentials of
these leaves to assimilate COs, even when evaluated at
silking, were reflected in dry matter production per
plant under that environment. When illumination
and assimilation measurements were made, leaf illumi-
nation in the canopy was largely a function of leaf
position and the shade cloth characteristics associated
with ditferent similated populations. Both canopy
shading and K markedly atfected assimilation rates
but had only a slight effect on leaf areas.

In summary, rates of CO, assimilation of individual
leaves as measured at high levels of illumination were
correlated with the concentrations of K in the leaves.
The rates were independent of environment during
growth and development, except to the, extent that
environment had affected K concentrations in the tis-
sues. Shading was not detrimental to retention of K
" by leaves. Adjusting CO, assimilation rates per unit
area for selected leaves at silking from each treatment
on the basis of their light environment, and taking
into consideration the area of these leaves resulted in
an index of assimilation that was highly correlated
with dry matter accumulated to the silking stage. Qur
data suggest that assimilation of CO, by leaves in the
central portion of the canopy (leaf numbers 5, 7, and
9) may be indicative of dry matter production of a
plant, and that the ratio of CO; assimilation by leaf 9/
leaf 5 may be as high as 0.89, depending on nutrition
and simulated population.
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