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Abstract

Ph.D. Xiaomin Zhou Plant Science

Concern about N03--N leaching and groundwater pollution from monoculture

corn (Zea mays L.) has prompted investigation of alternative production systems which

reduce N leaching. Both intercrop systems and water table controls alone have been

shown to increase nitrogen (N) uptake and reduce soil NO]--N accumulation in

cropping systems. There is a need to maintain crop productivity while reducing the

potential for soil N03--N leaching ioto groundwater. However, there has been no

information available regarding agronomie and physiological aspects of N and water

management for monocrop corn and corn competing with annual Italian ryegrass

(Lolium mu/riflorum Lam) in an intercrop system. A study was conducted in

southwestern Québec during 1993 and 1994. Nitrogen and dry matter components in

the plant-soil system were determined. Intercropped corn grain yield did not differ

from monocropped corn under high N fertility. At harvest, the corn-annual ryegrass

intercrop system increased total aboveground N uptake by 77.2 and 50.7 kg ha- ' when

compared with the corn monocrop system in L993 and L994. respectively. The

intercrop system reduced the amount of N03--N in the top i m of soil by 47% (92.3 kg

N ha- l
) at harvest in 1993. Water table contrais had Little effect on corn yield. N use

efficiency and soil NOJ--N accumulation over the two years of this stL'dy. Both plant

establishment and weather conditions affected the ability of annual ryegrass to aid in

the uptake of soil N03--N. The reproductive development of water stressed plants after

silking was limited more by overall plant changes due to water stress than assimilate

supply. The delivery of C (sucrase) and N ('SN urea) into corn plants via stem­

injection showed that externally supplied C changed bath the source strength

(photosynthetic inhibition) and sink strength (decreased total grain production), while

distribution of lSN was affected by proximity of sinks to the point injection and the

strength of sinks. Injection of salicylic acid (SA) plus sucrose increased corn

photosynthetic activity and productivity.
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Résumé

Ph. D. Xiaomin Zhou Plant Science

Les problèmes de lessivage des N03-N et de la pollution de la nappe phréatique

causés par la monoculture de maïs (2ea mays L.) ont poussé vers la recherche

d'alternatives dans les systèmes de production. On a démontré que des cultures

intercalaires et le contrôle du niveau de l'eau dans le sol augmentent l'assimilation

azotée et réduisent l'accumulation des NOJ-N dans le sol. On a besoin de maintenir la

productivité des pratiques culturales et de réduire le lessivage des N03-N vers les eaux

souterraines. Cependant. il y a peu d' information sur les aspects physiologiques et

agronomiques de la relation entre l' N et l'eau dans une monoculture de maïs et dans le

cas d'une culture de maïs avec du ray-grass italien (Lo/iwll mu/riflorum Lam). Une

étude a été faite dans le sud-ouest du Québec durant les années 1993 et L994. On a

étudié l'N et les composantes de la matière sèche dans le système sol-plante. Dans le

cas d'abondance de la fumure azotée, le rendement du maïs en monoculture et en

polyculture était le même. A la récolte de 1993 et de 1994, l'assimilation azotée de la

polyculture était plus élevée que celle de la monoculture de 77,2 et 50.7 kg ha- l

respectivement. A la récolte de L993, le niveau des NOJ-N dans le premier mètre de

sol dans le système intercalaire était réduit de 47% (92,3 kg N ha'I). Le contrôle du

niveau de l'eau dans le sol a eu peu d'effet sur le rendement du maïs, l'efficacité

d'utilisation de l'N et l'accumulation des NOJ-N dans le sol durant les deux années.

L'établissement des plantes et les conditions météorologiques ont affecté la capacité du

ray-grass d'aider dans l'assimilation des N03-N du sol. Le développement

reproducteur des plantes après l'apparition des soies était plus limité par les

changements subis par les plantes dûs à la sécheresse et non aux éléments nutritifs.

L'injection de C (sucrose) et d'N eSN-urée) dans les tiges des plantes a démontré que le

C de source externe a causé une diminution photosynthétique et une diminution dans la

production des graines et que la distribution de l' 'SN était affectée par la proximité du

point d'injection au réservoir et par la puissance de ce dernier. L'injection d'acide

11
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salicylique et de sucrase a amélioré l'activité photosynthétique et la productivité du

maïs.
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Chapter 1

General Introduction

Québec is the second largest corn production area in Canada. Corn has been

widely used for grain and forage in this area (Bureau de la Statistique du Québec.

1994). Corn monoculture is a common management practice in Québec. Intensive

corn production has resulted in loss of soil organic matter (Martel and MacKenzie.

1980) and increased potential for groundwater pollution (Liang and ~facKenzie. (991).

High corn grain yields can be achieved when there are sufficient supplies of

nutrients, water and light. However, the improper use of nutrients and water can

reduce grain yield or cause environmentally adverse effects. Over-fertilization with N

was practised in the past and was even recommended as an insurance against N

deficiency, but this may decrease the efficiency of N use and cause groundwater

pollution (Keeney, 1986a). Corn generally takes up only about 50% of the applied N

fertilizer (Bartolomew, 1965). Thus. large quantities of applied N may remain in the

soil profile after corn harvest (Bock, 1984) due ta high rates of N fertilizer applied to

corn production and low fertilizer N recovery. There is potential to lose this N through

leaching, denitrification, volatilization or immobilization in the sail during bath the

growing season and the non-growing season.

The most effective way of reducing NO~·-N leaching from sail is ta reduce the

N application rate. However, reductions in the levels of applied N can result in corn

yield reductions. Therefore, the best way to reduce leaching lasses while maintaining

yield is to improve N use efficiency. Studies on increased N use eftlciency using

intercropping systems, water table management, catch crops or reduced N application

rates have been suggested (Juergens-Gschwind, 1989; Ferguson er al., 1991:

Madramootoo et al., 1993; McCracken et al., 1994). Efficient use of N in cropping

systems is important for agronomie, economic or environmental reasons. A given N

management system may provide highly efficient use of N from one perspective but be

relatively inefficient from another. Unfortunately, there is no information available

from an integrated study investigating the combination of intercropping and water table
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management on N use efficiency. Information on N use eftïciency in such a cropping

system is essentiai for developing management practices to minimize environ mental

pollution without reducing corn yield.

The use of high N fertilizer levels increases grain yield but aisa causes

graundwater pollution. The lack of sufficient water supply during corn development

can lead ta considerable yield reductions due to water stress. Water deficiency during

the reproductive stage, especially during silking and early kernel growth. has been

extensively reported to decrease corn yield due to abnormal kernel development

(Schuss1er and West gate, 1991). The probable reasan for the grain yield reductions

have been suggested ta be inhibition of photosynthesis by low leaf water patential

(West gare and Bayer, 1985), and/or related low accumulation of photosynthetic

reserves in the corn stem at anthesis (Boyle el al., L99Lb). Ir has been hypothesized

that the supply assimilate at, or after anthesis could compensate yield loss due to water

stress. However, the traditional supply methods (via roots or leaves) of materials may

not be appropriate for sorne organic substances (e.g. sugar) or sorne expensive nutrients

(e.g. isotope labelled materials). The development of a technique for suppling

substances in physiological and biochemical studies will make it possible to more

clearly examine the raIes of these substances play in plant physiological process. This

thesis emphasizes corn production and N use efficiency in the soil-plant system for corn

intercropped with annual ryegrass under water table management and high N fertility.

Changes in physiological activity and productivity of corn plants when injected with

sucrose, plant growth regulators and 'SN enriched urea were aisa investigated as ways

to expIain possible aspects of the tïeld data. Chapter 3 describes how corn

development was affected by establishment of underseed annual ryegrass and water

table controis during the corn growing season under climate and sail conditions of

southwestern Québec; chapter 4 characterizes the effectiveness of a corn-annual

ryegrass intercrop system and water table managements on final corn yield. N uptake.

and fertilizer N recovery; chapter 5 illustrates the effects of the utilization of an corn­

ryegrass intercrop system and water table management on NO]--N content in the soil

2



profile in the spring and faH; chapter 6 characterizes the use of contined 15N microplots

to minimize the cast of l5N for this type of study: chapter 7 illustrates the development

and use of a new stem injection technique for corn plants~ chapter 8 characterizes the

externally supplied sucrose on dry matter partitioning, photosynthetic activity and

productivity of corn; chapter 9 characterizes the interactions between the supplY of

sucrase via stem injection and water availability on photosynthesis and kernel

development by corn under controlled environ mental conditions: chapter 10 describes

changes in photosynthetic activity and productivity of corn due to addition. via stem

injection, of combinations of plant growth regulators, including those generally thought

to be involved in regulating water stress responses. and sucrase; tinally. chapter Il

illustrates the distribution of N added via an artiticial source relative ta the various N

sinks.
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Chapter 2

Literature Review

2. Corn production, N fertilizer and environmental pollution

2.1. Corn production and utilization

Corn (Zea mays L.) is originally from Mexico and central America. and. since

its domestication, has grown in importance such that now it is the second most widely

produced cereal crop in the world. According ta FAO reports (FAO, 1986), over 449

million metric tons of corn were harvested worldwide from 133 million ha. making

corn second only to wheat among the world's cereal crops.

World com production has increased since 1930, with a dramatic increase

occurring in recent years. This increase has been due both to an increase in land area

used in corn production and to increased yield per unit of land area (Benson and

Pearce, 1987). Developed market economies account for 30% of the global corn area

but provide 50% of total production, due to average yields that are three times higher

than the world average.

At present, North America produces over 50% of the world's corn (Benson and

Pearce, 1987). Canadian production makes up about 1% of the global planted corn

area. The largest Canadian production areas are Ontario and Québec, where the crop is

grown extensively for grain and fodder. In 1993, approximate by 295.000 hectare of

grain corn and 30,500 hectares of fodder corn were grown in Québec, which was 29

and 17% of total grain and forage corn production areas in Canada (Bureau de la

Statistique du Québec, 1994).

Corn is used in many ways: as human food, a feed grain, a fodder crop, and for

hundreds of industrial purposes. Corn can supply abundant energy in the forrn of

carbohydrates. Mangelsdorf (1967) tested the approximate starch concentration of

cereal grains and found that corn grain contains more starch than that of wheat, barley

and oat, but 1ess than that of rice. The starchy endosperm of corn grain is an excellent

source of carbohydrate and, as such, can provide energy for livestock and human
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beings.

2.2. Corn yield, N fertilizer and N use efficiency

In this century, increases in crop yields have mainly been due to better genotypes

and tremendous increases in fertilizer use. Nitrogen, an essential major plant nutrient.

represents the mineraI fertilizer most applied to agricultural lands. Nitrogen

fertilization has been a major tàctor in increasing the world crop production (Peterson

and Frye, 1989). There was a rapid increase in the use of N fertilizer during the period

1960 to 1970 (Thomposon, 1986). In Québec, the amount of N fertilizer sold in 1980

was 54,930 metric tonnes (AFEQ, 1995). By 1992, the sale of N fertilizer had

increased more than 71 % to 93,328 metric tonnes (AFEQ, 1995). Research in Québec

has shawn that the increase in corn grain yield was closely related to increased fertilizer

N use (Tornar et al.. 1988). Cromwell et al. (1983) showed that production of corn

per hectare increases quadratically with increasing N fertilization levels.

Broadbent and Carlton (1971) found that the recovery of N fertilizer by plants

ranged frorn 35 to 71 % and that between 18 to 41 % of applied N fertilizer remained in

the sail. Later, Bock (1984) reviewed relevant literature and concluded that N

recovery from fertilizer ranged from 30 ta 70% during the year of application. In

Québec, fertilizer N-use efficiency by corn has been reported ta be as low as 9 % at

high N rate (400 kg N ha- ' ), and as high as 58 % at the recomrnended N application rate

(180 kg N ha· l
) (Liang and MacKenzie, 1994a). The fertilizer N not recovered by the

crop and leached below the root zone is of environmental concern, as increasing NO'l

concentrations in groundwater are often attributed to leached N fertilizer (Angle et al..

1993).

2.3. Nitrogen fertilizer and environmental pollution

Since most crops take up N more than any other nutrient, the amount of applied

N fertilizer generally far exceeds that of other nutrients (Hargett and Berry, (987).

Farmers apply excessive quantities of inorganic fertilizer N in an attempt to ensure

maximum yields. Every year in Canada, over $100 million of N fertilizer is applied,

but 20 ta 60 percent of this fertilizer may be lost from soils through leaching or
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denitrification. The large inputs of fertilizer N and intensive crop production for corn

has caused soil degradation and affected groundwater quality (Forster eT al., 1986:

Keeney, 1986b; Blackmer, 1987). Sorne researchers have estimated that 30% of the N

fertilizer applied in Québec is leached out of agricultural soils and into waterways and

groundwater due ta autumn rainfall and surface runoff (Neilson and MacKenzie. L977:

Miller and MacKenzie, L978).

Many studies have shown a direct relationship between NO-3-N concentration in

groundwater and N fertilization rates. Pratt (1984) reviewed a number of studies in

which high nitrate concentrations occurred in groundwater beneath irrigated agricultural

sites in Califomia, and found that there was a close relationship between the amount of

nitrate leached and rates of fertilizer N use. Chaney (1990) showed that nitrate

contents in soil increased linearly when the N applied exceeded 160 kg ha- l for winter

wheat.

Research over the last decade has c1early shown that agriculture has become the

most extensive source of nitrate delivered to ground and surface waters (Pratt, 1984:

Harrllberg, 1987a,b). In sorne areas, N pollution in ground water has reached

alarming levels. For instance, Madramootoo (1992) measured nitrate concentrations as

high as 40 mg L- I in a subsurface drainage system from a tile drained potato tÏeld in

Québec; this far exceeds the U.S. Environmentai Protection Agency safe drinking

water standard (10 mg L- I
). Concem arises when nitrate accumulates in ground water

because when ingested in sufficient amounts by humans and animaIs, there are potential

adverse health effects. These health effects are reported to include

methaemoglobinaemia and elevated risk of cancer (Cornly, 1945; Addiscott et al..

1991).

Fertilizer N has become a foeus of attention because of concerns with

groundwater contamination by NO-3-N, as weil as NO"3-N losses into the environment

are typically coupled with its intensive and extensive utilization.

3. Nitrogen losses from soil

Fertilizer N losses from agricultural systems have been measured at 20 to 80 %
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of amounts applied (Henzell. 1972; Power, 1980). Plants consume only 40-50% of the

added fertilizer N, and the other approximately 50% is lost from agricu1tural soils.

Low recovery of fertilizer N by crops not only reduces fertilizer N profitability. but

aIso contributes to groundwater and surface water pollution. Nitrogen loss from soil

cao QCcur in several ways: l) leaching losses; 2) denitrification and gaseous N 10ss: 3)

through tîle drainage systems; 4) wind and water erosion of soil.

3.1. Leaching losses

Nitrate is the most important source contributing to groundwater contamination

from agricultural system (Stanley et al., 1990; Ferguson et al., 1991a). The

availability and use of commercial N fertilizers and expansion of agricultural land have

increased the potential for nitrate leaching. Legg and Meisinger (1982) pointed out that

nitrate leaching losses are the most signitïcant way N is lost from soil. An average 25

to 50% of the N applied in most cropping lands is lost through leaching (McNeal and

Pratt, 1978). OIson et al. (1970) observed that at an annual application rate of 112 kg

N ha-l, about 46% of N was recovered by corn, and 26% retained in soil as minerai N

within a depth of 120 cm. When 336 kg N ha- l was applied, the crop removed only

19 % of the N, and 69 % of the N remained in minerai form in the sail. It is c1ear that

NO·3-N can easily accumulate in the soil when N supply exceeds uptake. This excessive

N03-N is easily leached out of the soil.

3.2. Denitrification and gaseous N losses

Denitrification and gaseous lasses are other ways that N can leave the soil.

Denitrification can cause substantial lasses of sail N with possible consequences in

depletion of the ozone layer (Crutzen, 1981). Ryden (1983) reported that

denitrification losses cao increase as fertilizer N rates increase because of the greater

availability of NO-]. Mosier et al. (1986) found that denitrification losses for corn in

Colorado amounted ta 2.5 % of the 200 kg l5N ha- ' fertilizer applied. Lindau et al.

(1988) demonstrated that denitrification may increase due ta t100ded conditions where

soil is waterlogged for long periods and no plants are growing. Except under special

conditions, denitrification losses seem to be smaller than previously thought. In
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Québec, Liang and MacKenzie (1994b) found that denitrification loss in two typical

soils was relatively small when compared with leaching over the non-growing season.

3.3. THe drainage

Logan el al. (1980) found that annual NO-J-N losses in tile effluent from

extensive corn production land were generally < 30 kg ha-[ 1 but increased with N

fertilizer application above crop needs. Nitrate-N concentrations were above 10 mg L- I

even when 20 kg of fertilizer N ha-[ or less were applied annually to continuous corn.

3.4. Wind and water erosion of soil

Legg and Meisinger (1982) estimated that 4.5 million metrie tonnes of U. S

cropland N are last annually ta wind and water movement. Twenty percent was

attributed to wind. This soir can contain significant amounts of N.

4. Possible ways to reduce soil N losses due to leaching

Reduction of N leaching from agricultural land may be achieved in several

ways: increased N uptake by crops, incorporation of high C/N crop residues. or raising

the level of drainage and introducing forage grass species into the cropping system to

improve sail quality.

4.1. Increased N use efficiency

Nitrogen fertilizer accounts for approximately 33% of the 'energy subsidy'

required for growing corn (Pimentai er al.. 1973), but only 40-70% or less of applied

N is recovered as plant N (MacLean, 1977). Thus. increasing N uptake by the crop.

reducing the potential for leaching, would lead to more efticient tise of fertilizer N and

minimize the potential for NO-J-N contamination of groundwater.

4.1.1. Crop N uptake

Increasing the uptake rate by plants will aid in improving the efficiency of fertilizer

N utilization (Oison and Kurtz, 1982). and it is a recommended practice to reduce

nitrate leaching (Keeney, 1986a). In general, the absorption of nitrate by plant roots is

slow during the early seedling stage and increases during the period of major growth;

the uptake rate becomes slow again during the reproductive phase (Hanway. 1960).

Polisetty and Hageman (1981) observed a decline in NO'J uptake by corn with age.
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Hanway (1960) reported that corn typically accumulates much of its N in the period

beginning about one month after emergence.

4.1.2. Nitrogen fertilizer management

Nitrate-N is the predominant form of N available to corn in most soils.

McCracken el al. (1989) reported that sail NO-J-N concentration was highly correlated

with corn yield and N uptake. A three-year experiment conducted by lokela and

Randan (1989) showed that corn grain yield. total dry matter yield and plant N uptake

were all increased by high N inputs. Using l5N Broadbent and Carlto (1978) found that

maximum N uptake by corn occurred at fertilizer levels which produced maximum

yield, while MacLean (1977) pointed out that low rates of fertilizer were Iess effective

in increasing N uptake by corn.

4.1.2.1. Use of ISN in the plant-soil system

The use of fertilizer labeled with the stable isotope 15N has become increasingly

important in field studies where direct measurement of fertilizer delivered N in plants

and soil is required. Compared with non-tracer studies, determinations of labeled

fertilizer N can be more accurate (Hauck and Bremner. 1976), and treatment effects

cao be detected with greater sensitivity (Russelle er al.• 1981). Moreover. N in the

crop derived from fertilizer can be distinguished from soil-derived N, allowing

fertilizer N efficiency to be calculated without regard ta residual fertilizer N in the sail.

One major disadvantage of using 'SN is the high cost of tïeld plot size research.

One means of reducing lSN cost is ta apply labeled N to small areas (microplots).

within the larger field plot. Plant and sail samples taken from the microplot provide

information on plant uptake and soil recovery of fertilizer N.

Studies to determine suitable microplot dimensions have been conducted for

both confined and unconfined microplots. Jokela and Randall (1987) evaluated the

maximum acceptable corn plant sampling area in a 1.52 by 2.29 m uncontïned

microplot with uniform N fertilizer application and a 76 cm row spacing. They found

that this microplot size provided reliable fertilizer N recovery data for corn. Stumpe er

al. (1989) suggested that plants which were at least 50 cm from the border of a 15N
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microplot provided reliable data without concern as ta the method of N fenilizer

application. These studies on uncontined microplots confirmed that they provided

reliable N recovery data for N uptake studies, but the high cost of 'SN required for

larger application areas still needed to be addressed. The reason for this is that

unconfined microplots still require an application of labeled N fertilizer over a much

larger region surrounding the smaller central portion where samples may be reliably

taken. On the other hand, contined microplots use barriers placed in the sail ta

delineate them (Malhi and Nyborg, 1983; Power and Legg, 1984) and eliminate

problems with lateral movement of labeled N (Ma et al.. 1995). The major

advantage of using confined ISN microplots in field research is that they can prevent

diffusion and mass tlow of 'SN from inside to outside of the microplot area and the

similar movement of unlabeled N from outside to inside (Carter et al.. 1967; Malhi

and Nyborg, 1983; Power and Legg, 1984). Thus. there was patential for the use of

confined ISN microplots to reduce the high cost of 'SN in fertilizer N research.

4.1.3. Intercropping

A biological advantage to intercropping may result from complementary use of

growth resources. Component crops may differ in their use of growth resources over

time and space. When they are grown together they make more efficient use of light,

water and nutrients than when grown separately. It is also frequently stated that

intercropping cao be an efficient method of weed control (Moss and Hartwing, 1980)

and reduction of pests and disease (Martin et al. 1 1989).

4.1.3.1. Corn yield under intercropping

Crop rotation has helped ta maintain or even improve sail quality while

increasing corn yield (Ketcheson and Webber, 1978; Bolton et al.. 1982).

Intercropping corn with legumes is a possible alternative ta crop rotation (Tornar and

MacKenzie, 1988). Sorne field work has demonstrated the effectiveness of

intercropping corn with legumes; intercrops resulted in greater productivity of land

than monoculture production (Nair et al.. 1979; Allen and Obura, 1983; Ebelhar et

al., 1984; Martin et al.• 1990; Weil and Mcfadden, 1991).
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An eight year tïeld study of corn intercropped with rye. ryegrass or fescue

demonstrated that intercropped corn yields were excellent and showed little tendency ta

decline when sufficient N was supplied regardless of the intercropping practice

(Triplett, 1962). Scott et al. (1987) showed no corn yield reduction under corn

intercropped with legumes. Searle el al. (1981) also observed that corn grain yield was

not affected by legume intercrops. but N uptake by the following crop (wheat) was

improved by intercropping. Francis and Stern (1986) observed that the N

concentration in corn grain was not affected by intercropping. and total N uptake at the

final harvest by corn increased significantly with increased N fertilizer application.

4.1.3.2. The potential use of intercropping to reduce nitrate leaching

Intercropping is a possible method to reduce leaching. as it may reduce the

movement of NO-3-N into deeper sail layers. Nitrate leaching was reduced by the

intercrops of corn with black gram (Vigna mungo (L.) Hepper) or mung bean (Vigna

radiara (L.) R. Wiliczek var. vadiate). compared with corn alone. especially when soil

ferti1ity was adequate (Singh and Sekhon. 1978). Compared with monocropped corn

and sugarcane (Saccharm officinarum L.), corn-pigeon pea and sugarcane-black gram

intercrops reduced leaching loss (Yadav. 1982). Similar results were also found in

Québec (MacKenzie, personal communication). In a number of countnes.

intercropping has been shown to reduce NO-3-N leaching by 40-95 % (Juergens­

Gschwind, 1989).

Increased crop dry matter production may enhance organic crop residual returns

to sail, therefore, increasing sail quality (Liang and MacKenzie. 1992). Thus. the

greater dry matter retumed to the soil by intercropping than by monocropping will

likely improve soil quality. Sorne researchers have found that when intercrop was

practised on the same land for severaI years, the yield of subsequent crops was

increased (Agboola and Fayemi. L971), the same effect was recently demonstrated

when intercropped corn was grown for only one year (Nair et al., 1979).

4.1.3.3. Forage grass species

MacLean (1977) conducted a 3-year study on the movement of NO"3-N in different
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cropping systems, and found that forage grass species were more effective than corn in

the uptake of soil N. He observed that forage grass species took up 64-90% of the N

applied at the optimum rate (l12 kg ha"'). with an average recovery of 85%. This

recovery rate is greater than the rate usually reported for corn and imp1ies that forage

grass species can be used ta reduce the movement of soil N into deeper sail.

Annual ryegrass has been used for sail stabilization (Schery, 1961; rvfusser eT

al., 1969). It is extremely vigorous and emerges rapid1y (Blaser (!f al. f 1956). [n the

seedling stage, ryegrass has a high shoot growth rate and competes very effectively for

light (App1eby el al., 1976). Steenvoorden (1989) reported that Italian ryegrass. winter

wheat and rape proved ta be very effective crops for reducing nitrate leaching. Muller

(1989), using rape, rye and radish as catch crops, found that there was a positive effect

of catch crop in decreasing soil mineraI N leaching. Claude ( 1990) conc1uded that the

ability of ryegrass to absorb and recycle NOJ"-N can be exploited in corn production to

decrease soil N03'-N and reduce leaching of sail NOJ·-N. [n addition. Scott e{ al.

(1987) reported that annua1 ryegrass was most effective crops in terms of ground cover

and dry matter production. Keeney (1982) pointed out that lia more effective cropping

sequence for immobilizing residual N might be one which utilized an early season.

rapid growing forage grass or small grain Il •

Since sail degradation resulting l'rom lasses of soil organic matter with intensive

corn production has been recognized (Martel and MacKenzie, 1980), increased

aboveground dry matter production may enhance organic crop residual returns ta soil.

thus reducing sail degradation (Liang and MacKenzie. 1992). Thus. there is potential

ta use annual ryegrass ta increase nitrate uptake and reduce the available sail N content

after harvest, as weIl as improve sail quality (Groft'man e( al., 1987). Maintaining

good sail quality will reduce the requirement for fertilizer N and maintain crop yield,

which, in turo, could lessen the potential problems of excess N (Keeney. 1982).

4.1.4. \Vater table managements

At present, approximately 75,000 ha of crop land have been drained in Qu~bec.

Most of this cropland is used for extensive grain and silage corn, and small grain cereal
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cultivation. Madramootoo et al. (1993) addressed several factors regarding the need

for drainage in Québec crop production areas to maxi mize yield: l) excess of

precipitation over evapotranspiration; 2) most soils have low permeabililites: 3) the

topography is relatively tlat with low hydraulic gradients to river and water resources.

Thus, many tields in Québec requires subsurface drainage to remove excess soil water

in the spring and fall and during parts of the summer when rainfall is in excess of

evapotranspiration. Conversely, there is sometimes a shortage of water for plant

growth when dry conditions occur during the corn growing season. The presence of a

shallow water table may reduce the need for supplementary irrigation (Chaudhary et

al., 1975; Follett et al.. 1974), it is also likely ta cause pocr sail aeration and restrict

rooting volume (Williamson, 1964). Relatively deeper water tables have been shawn

to decrease crop growth due to decreased water availability (Chaudhary et al.. 1975:

Follett et al.. (974). Therefore, controlled drainage systems in Québec can be used not

only to remove excess soil water which delays planting or harvest. but also for

supplemental irrigation during water stress (Memon, 1985).

4.1.4.1. Water table controls to reduce nitrate leaching

There is also potential to use water table control as a management practice to

reduce nitrate pollution from agriculturalland. Nitrate N is the main form of soil N

lost through leaching; its movement is highly correlated with water movement (Vinten

and Smith, L993). Higher soil NO"3-N concentrations and larger amounts of soil water

movement promote NO"J-N leaching (Legg and rvleisinger. 1982). Baker et al. (1975)

and Miller (L979) reported that tile-drained fields can discharge considerable amounts

of NO·3-N, especially when the N fertilizer rates are above the recommended rate for

optimum crop yields.

Skaggs et al. (1994J and Tan et al. (1993) have reported reductions in nitrate

loading of up to 50 % with water table control. Research by Evans et al. (1989) has

shawn that controlled water table depths reduced N and P lasses from a tïeld by 47 and

44%, respectively, compared with conventional drainage. A water table depth as

shaliow as 0.4 m was found to reduce overaIl N03°-N levels in the soil protïle by up to
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50%, and to increase soybean yield by approximately 20%, compared with

conventional, free-outlet drainage (Madramooroo er al., 1993). Kalita and Kanwar

(1992) reported that, under controlled warer table depths, a water table depth from 0.6

to 1 m increased cam yield and soil NOJ"-N levels.

Denitritication is desirable when it occurs below the root zone because it

reduces nitrate leaching to groundwater (Meek er al.. (970). Raising the water table

by controlled drainage may enhanced denitritication and increase N uptake

(Steenvoorden, 1989), at the same time high sail moisture can slow the nitritïcation

process, hence considerab1y reducing the NO-J-N in the drainage water (Meek er al..

1970). This occurs as denitritication usually happens when oxygen status is low and

there is a readily available energy source (Meek er al.. 1970), conditions promoted

through increasing the water content of the soil and the addition of high C/N crop

residues.

Chaudhary et al. (1975) concluded that corn yield response to water table depths

varied with rainfall during the growing season. They found that the deeper the water

table the greater the corn grain yield under wet conditions while the grain yield was

increased by shallow warer tables under dry conditions. Therefore. there is need not

only for determining the optimum water table levels for maximum crop yield. but also

for maximum denitrification and reduction of nitrate pollution.

4.1.4.2. Water stress and reproductive failure

Availability of water is one of the most common limitations ta plant growth.

Water detïcits during silking and early kernel growth decrease kernel number per ear.

thus reducing sink size and yield potential (Westgate er al., 1986). Loss of kernels can

resu1t From abnormal floral development, kernel abortion and developmental failure

after fertilization. A lack of assimilate reserves is often found at anthesis (Westgate

and Boyer, 1985; Schussler and Westgate, 1991) under water deticit.

4.1.4.2.1. Sucrose

Sucrose is the most important form of assimilate translocated by most plants

(Setter and Meller, (984). The lack of assimilate supply during tlowering and early
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kernel growth has been suggested as a major factor responsible for reproductive failure

under water stress (Boyle et al. 1991 b: Schussler and Westgate, 1991; Zinselmeier er

al. 1995). Boyle et al. (1991b) used a stem infusion method ta supplY sucrose (150 g

L- I
), dissolved in a tissue culture medium, to water stressed corn plants. They found

that the grain yield of water-stressed corn plants infused with sucrase plus tissue culture

medium was similar to the yield of well-watered control plants. In addition, water

stressed plants with infused water or no-infusion showed nearly complete reproductive

failure. Their results suggested that assimilate supply at nowering may regulate kemel

set in water deficient plants.

4.1.4.2.2. Plant growth regulators

The idea of using plant hormones to improve crop growth or eliminate

environmental stress is not new. In the 1930's, auxins were tïrst discovered and shown

to be natural plant hormones. Later, with recognition of gibberellic acids (GAs) in the

early 1950 's, and cytokinin and ethylene in the early 1960·s. more growth regulators

have been identified, produced and commercially used in horticultural and agronomie

crop production (Arteca, 1996). The following discussion focuses on several synthetic

plant growth regulators which have been tested and utilized in agricultural production.

Abscisic acid (ABA) has been demonstrated to act as a water stress signal in the

resistance of plants to environmental stresses (Markhart et al., 1979; Davies and Jones.

1991). It is known to cause stomatal closure (Raschke and Hendrick, 1985), which

reduces water 10ss and photosynthesis, thereby acting as a mechanism to allow plants to

survive periods of water deticit stress (Davies and Jones, 1991). [n addition. foliar

application of ABA has been shawn to decrease photosynthetic rates and ribulose

bisphosphate carboxylase/oxygenase (Rubisco) levels (Fisher et al., 1985; Davies and

Jones, 1991; Makeev et al.. 1992) and has a potential role in photosynthate partitioning

and seed filling (Makeev et al.• 1992).

Brenner (1987) suggested that IAA is a promoter of stomatal opening, Rubisco

activity, sucrose phosphate synthase activity, phloem loading, phloem transport. and

the overall activity of sinks. It has aise been reported that IAA alters the pattern of
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seed weight between and within the spikes of wheat plants (Rademacher and Graebe.

1984; Bangerth el al.. 1985).

Salicylic acid (SA) is thought by sorne ta be a new c1ass of plant growth

substance (Raskin, 1992). It has effects on many physiological processes in plants at

low concentrations. Salicylic acid regulates some aspects of disease resistance and

thermagenesis in plants. However, there have been no studies on the effects of

salicylic acid on photosynthesis. It has been shown to stimulate tlowering. Kling and

Meyer (1983) reported that SA increased pod number and yield in mung bean. Jain

and Srivastava (1981) found that SA increased the in vivo activity of nitrate reductase in

corn seedlings. Rai et al. (1986) showed that SA greatly promoted stomatal opening by

excised leaves of Commelina communis L. plants.

Ethephon is a synthetic growth regulator that releases ethylene slowly inside

plant tissues through a pH-dependent reaction (Warner and Leopold. 1969). Ethephon

has been shown ta retard stem elongation leading to shorter plants that are less likely to

lodge (Caldwell et al.. 1988). In addition to reducing Iadging, ethephon applied to

cereaIs may affect yield either positively or negatively (Moes and Stobbe. 1991).

Ethephon application was shown to increase protein concentration of the grain and to

reduce lodging of corn plants under high density conditions (Norberg et al.. L988).

Increased seed protein concentrations were aIse found in barley (Hordeum vu/gare L.)

(Ma et al.• 1994b; Foroutan-pour et al.. 1995) when ethephon was added via a

peduncle perfusion technique.

4.1.4.2.3. Techniques for continuous supply of metabolism effectors

Traditional methods of supplying nutrient compounds to corn plants are through

roots and leaves (Rendig and Crawford, 1985; Tomar el al.. 1988). However. in

biochemical pathway or physiological studies, the small amounts supplied and the short

durations of supply may be inappropriate.

Stem infusion can supplY small quantities of some substances to different plants

without the sometimes erratic uptake experienced with spraying, leaf abrasion or soil

application (Brown and Neish, 1954; Grabau er al.. 1986; Schon and Blevins! 1987;
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Boyle et al., 1991a; Ma and Smith. 1992). In addition. stem infusion has proved to be

less destructive and more effective than leaf feeding for supplying nutrients directly to

corn plants for brief periods (Boyle er al., 1991).

Infusion/perfusion techniques have also been developed for longer term delivery

of materials into plant stem cavities. lVla and Smith (l992) delivered a steady supply of

30 mM N into the hol1ow stems of intact barley (Hordeum vulgare L.) plants for a

period of 3 to 4 weeks (anthesis to physiological maturity). At present. the major

obstacle to long term stem infusion of corn is the limited volume of solution that can be

delivered and the duration of injection. An infusion technique developed by Boyle er

al. (1991a) allowed delivery of large solution volumes. but only for a few days at a

single infusion site. Corn stem infusion has been tested both under greenhouse

conditions (Boyle er al.. 1991a.b) and tield conditions (Ma er al.. 1994a). but the

infusion uptake rate was limited to a short period irrespective of number of infusion

sites.
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s. Hypotheses

From the literature it is cIear that over fertilization with N in corn production

can cause groundwater pollution while a lack of water supply reduces corn grain yield.

However, improving the agronomie efticiencies of N fertilizer or water use are

complex matters.

There has been no information available on the effects of intercrop systems and

water table management together as a management strategy to enhance N fertilizer use

efficiency while maintaining corn yield. To do th is, work is needed to identi fy and

select alternative cropping system management practices that reduce leaching losses of

N during bath the corn growing season and the non-growing season. It is hypothesized

in this study that the combination of an intercrop system and water table management.

under sufficient N supply, will effectively increase N uptake by plants. thus reducing

potential N03-N leaching after corn harvest. without reducing corn grain yield. In

addition, the production of intercrops that are not harvested, but are retumed to the soil

(green manure) will result in addition of residues which decompose and mineralize.

releasing their N into the sail. The specitïc hypotheses related to the use of an

intercrop system and water table management. and crop ecophysiological aspects of

corn plants growing under intercrop conditions are as follows:

1) Corn grain yield will not be affected by the presence of an annual ryegrass

intercrop component when produced with high levels of fertilizer N.

2) Increased N uptake by a com-annual ryegrass intercrop will reduce the soii

N03--N content, and thus, reduce the potential for nitrate pollution ur.der sail and

climatic conditions of southwestem Québec.

3) Greater dry matter accumulation in an intercrop system will increase the

amount of crop residues returned to the soil.

4) Water table contrais will increase corn grain yield. N uptake, and fertilizer N

use efficiency while reducing soil N03--N levels associated with corn production

systems.

5) Confined microplots can reduce the microplot dimensions req uired to
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produce reliable ISN data in corn monocrop and intercrop (with annual ryegrass)

systems.

6) A pressurized stem-injection system can continuously deliver concentrated

nutrients ioto corn plants for periods of weeks to months.

7) The photosynthesis and productivity levels of corn plants will be altered by

exogenously supplied sucrose via stem injection.

8) The reproductive failure of water stressed corn plants can be prevented by

supplying assimilate (sucrose) post anthesis via a stem-injection technique.

9) Injection of plant growth regulators, with or without sucrose, will alter the

growth and photosynthetic activities of corn plants.

10) The distribution of N added through an artitïcial source will be affected by

both the proximity of plant N sinks to the source (site of injection) and the strength of

various sinks.

6. Objectives

1) To compare dry matter production and distribution, and N allocation within

monocropped and intercropped corn plants produced with or without subirrigation

during corn development.

2) To evaluate the uptake of fertilizer and soil N by corn affected by the

presence of an annual ryegrass intercrop component and water table controls.

3) To measure NO'3-N concentrations in soil solutions through the soil protile in

arder ta evaluate the effectiveness of a corn-ryegrass intercropping system and water

table management for reducing nitrate leaching to groundwater.

4) To use lSN-enrichment to determine the fate of fertilizer N applied to the

plant-sail system.

5) To contrast the level of % (:iN atom enrichment at different positions within

confined microplots in order to assess the microplot dimensions required to produce

reliable lSN study for corn production systems.

6) Ta develop a stem injection technique which can deliver constant, high

volumes of concentrated sucrose and other solutions ioto corn stems for a period of
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weeks to months.

7) Ta determine whether assimilate supply (sucrase) by stem injection during

active grain filling, can prevent the reproductive failure associated with water stress in

corn plants.

8) Ta assess the effects of continuous plant growth regulator supply (via a stem

injection), with or without sucrose, during the grain tïIIing period on the growth and

productivity of corn plants.

9) Tc determine distribution of 'SN, supplied via stem injection. in ~orn plants

relative to the various N sinks.
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Preface ta Chapter 3

Chapter 3 is a manuscript prepared by myself, my supervisor Dr. O. L. Smith.

Dr. A.F. MacKenzie and Dr. C.A. Madramootoo for publication in the Agronomy

Journal in 1997. The format has been changed to be consistent within this thesis. AIl

literature cited in this chapter are listed in the reference section at the end of this thesis.

Each table or figure is presented at the end of this chapter.

In this chapter, we address the pattern and dynamics of dry matter and N

accumulation in monocrop corn and a com-annual ryegrass intercrop systems. as

affected by water table management.
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Chapter 3

Biomass production and N uptake as affected by monocrop and intercrop

(ryegrass) corn systems and water table management

3.1. Abstract

Improving N uptake by crops reduces the quantity of N remaining in the sail

profile at the end of the growing season and minimizes potential N losses, due to

leaching, after crop harvest. Both intercropping and water table control (WTC) can

help to minimize loss of N from the soil. Applied N fertilizer rate, plant growth stage.

type of crop and WTC al! affect N uptake. No previous study has reported the

combined effect of cropping system (intercrop versus monocrop) and WTC on dry

matter (DM) and N accumulation, and DM distribution and N allocation of corn (Zea

mays L.) during crop development. A two-year study was conducted to assess DM

production and N uptake during the development of monocrop corn and corn

intercropped with annual ryegrass (Latium nlli/riflorum Lam.) on a tïne sandy [oam

(fine, silty, mixed, nonacid, frigid Typic Humaquept) sail. Each of these corn

production systems was produced under three drainage practices, with an annual

application of 270 kg N ha- l
. The three drainage practices were free outlet

conventional drainage, and subirrigation with the water tables maintained at 0.70 or

0.80 m from the soil surface. Zero N (control) and conventional N rate (180 kg Nha'

1) treatments were included for monocropped corn with conventional drainage. Plant

tissues (corn or intercrop) of aU treatments were sampled at four different corn growth

stages (six leaf, tasseling, mid-grain filling and after physiological maturity). Dry

matter production and N uptake were determined for each stage. DM production and

N uptake of intercropped corn were lower than, or not different from the monocropped

corn depending on growth stage, in both years. The total N uptake and DM production

of the intercrop system (corn plus ryegrass plus weeds) was greater than that of the

monocrop system. Application of 270 kg N ha- l resulted in 20% less N recovery than

180 kg N ha- l under monocrop corn production with free drainage. Both applied N
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rates and the use of the com-ryegrass intercrop system altered the allocation of DfvI and

N among different parts of the corn plants. The ryegress and weeds were not able to

take up enough of the extra N to completely negate an increased risk of nitrate leaching

after the high N rate was applied for two consecutively years. Water table depth had

less effect on DM production and N uptake than cropping system. This study showed

that a corn-annual ryegrass system increased N uptake from the soil. thereby

minimizing the potential for ground water pollution. However. the effect of

environmental conditions on annual ryegrass growth was an important factor in N

uptake by the intercropping system.

3.2. Introduction

Corn production in eastern Canada involves the addition of N. as chemical

fertilizer and/or manure. Fertilizer N use efficiency by corn in Québec has been

reported to be as low as 9 % at high N application rates, and as high as 58 % at

recommended N rates (Liang and MacKenzie, 1994a). Therefore. large amounts of

applied N fertilizer may not be recovered by the crop at harvest, and potentially

contributing to groundwater pollution due to leaching of NOJ·-N. Efficient use of N

fertilizer by plants plays an important role in establishing fertilizer N use eftïciency and

establishing levels of NOJ'-N leaching from sail.

There is evidence that the uptake of N by plants can be intluenced by the

applied N fertilizer rate, plant growth stage, cropping system and water table control

(WTC). Increasing total N uptake and DM production by corn due to high N inputs

has been documented extensively (Jokela and Randall, 1989: McCracken er al.. 1989).

Results to this effect were reported for grain corn production by Liang and MacKenzie

(1994a) in eastem Canada. Using 15N, Broadbent and Carlton (1978) showed that

maximum proportional N uptake by corn occurred at N fertilizer levels which produced

maximum yield. Goh and Haynes (1986) pointed out that in high fertility sail. excess

N can decrease crop yields.

Absorption of NO]--N by corn is generally slow during the early seedling stages

and increases exponentially during the period of rapid growth; the uptake rate slows
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again during the reproductive phase (Hanway. 1960). Hanway (1960) reported that

corn typically accumulated much of its None month after emergence.

Annual ryegrass (Lolium mulriflorunl Lam.) has a high shoot growth rate.

competes very effectively for light (Appleby el al., 1976) with winter wheat. and has

been used as a catch crop to utilize residual soil N after crop harvest (Meisinger et al..

1991; Shipley et al., 1992). Keeney (1982) pointed out that lia more effective cropping

sequence for immobilizing residual N might be one which utilized an early season.

rapidly growing grass or cereal". Intercropping systems can make more efticient use of

light, water and nutrients than crops grown separately. Thus, it is possible to increase

N uptake by corn intercropped with annual ryegrass, thereby reducing potential NOl-N

leaching losses.

Water table control (WTC) has been recommended as a best management

practice to reduce N03'-N pollution and increase crop yield in agricultural systems

(Kalita and Kanwar. 1993; Madramootoo et al.. 1993). Maintaining a desirable water

table depth (WTD) should aid in plant N uptake and increase crop yields

(Madramootoo et al.. 1993). Very shallow water tables have been reported to reduce

N uptake and retard plant growth due to decreased oxygen supply to the roots

(Williamson, 1964). Kalita and Kanwar (1993) found that a WTD at 0.2-0.3 m

decreased corn grain yields whereas WTD from 0.6 to 0.9 m increased yields.

Chaudhary et al. (1975) concluded that variations in corn response to WTD were

attributable to the variation in rainfall during growing seasons.

Increased inputs of plant residues may be expected to enhance N conservation

and improve soil structure. The growing of intercrops that are not harvested but are

returned to the soil results in addition of residue which is decomposed andmineralized.

releasing N into the soil (Juergens-Gschwind, 1989). In addition, the incorporation of

large amounts of organic Cinto sail may minimize residual NOJ"-N leaching from

fertilizer applications through immobilization of inorganic N in soil (Barthdomew.

1965; Keeney, 1982). Keeney (1982) pointed out that the residue of high-yielding corn

may account for as much as 5,000-LO,000 kg ha,l of dry matter with a C/N ratio of
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40: 1 to 60: 1. This high C/N ratio provided a favourable condition for immobilization

of N. The presence of ample C substrate can also cause rapid O~ consumption and

possible depletion in the soil microenviroment; thus it indirectly enhances the potential

for denitrification (Firestone, 1982).

Increasing N uptake by plants necessarily improves the efticiency of fertilizer N

utilization (OIson and Kurtz. 1982), and it is a recommended practice to reduce NO,o-N

leaching (Keeney, 1986a). To our knowledge. there has been no previous study of

seasonal DL\lI production and distribution, and N uptake and allocation by monocrop

and intercrop (with annual ryegrass) corn under various levels of WTC. Knowledge of

the extent ta which intercrops respond to. and compete for individual resources would

aid in improving the management of corn-annual ryegrass intercrop systems. A better

understanding of crop response to WTC is necessary for planning drainage and

irrigation to optimize corn production and reduce NOJo-N leaching. We hypothesized

that corn intercropped with annual ryegrass and with controlled WTDs would have

increased N uptake during the development of the cropping system. thus reducing

residual N in the soil after corn harvest. In addition, it has previously been

demonstrated that the presence of an under-seeded intercrop component may not lead ta

lower yields of the main crops when competition for water and nutnents is minimal

(Searle et al.. 1981). However, this phenomenon has not been previousiy investigated

over the course of crop development. Therefore, our objectives during the

development of the crop system were to: 1) evaluate the combined effects of cropping

system and WTD on DM production and distribution. and N uptake and allocation by

the plants in the cropping system; 2) compare the effect of N rates on the development

and N uptake of monocrop corn plants with free drainage. in order to determine the

effects of intercrop competition for N.

3.3. Materials and Methods

3.3.1 Field conditions

The experiment was conducted in the 1993 and 1994 growing seasons on a 4.2

ha field in southwestern Québec, Canada. The top 50 cm soil layer was a well-drained
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Soulanges sandy loam, below which was a deeper clay layer. The sail was classitied as

a nonacid, frigid Typic Humaquept. The soil characteristics were as follows: pH 6.6:

organic C 50 g kg-l; total N 4.5 Mg ha- l
; 48% sand. 26% silt and 23% clay.

Precipitation data were collected from a weather station located 500 m from the

experimental site. The monthly average precipitation and 20-year average at the

experimental site are presented in Fig 3.1.

The treatments were factorial combinations of two cropping systems

(monocropped corn and corn intercropped with annual ltalian ryegrass) and three

drainage practices (water table controIs at 0.70 and 0.80 m from the sail surface. and

conventional free outlet drainage where the drain tîles were at 1.0 m below the sail

surface). Due to deep seepage and evaporation. the subirrigated WTDs were

maintained, on average, at 0.70 and 0.80 m for designed WTDs of 0.50 and 0.75 m,

respectively (Kaluli, 1996), in both years. Details of the research facility structure and

instrumentation of water tables are reported in Tait er al. (1995). The resulting six

treatment combinations were fertilized each year with 270 kg N ha-l, the N rate

resulting in maximum corn production in this area (Liang and MacKenzie, 1994a). [n

order to determine the specitïc effects of N fertilization on corn growth without

subirrigation, we included two additional treatments in each block. These were the

fertilizer application rate recommended for corn in this area (l80 kg N ha-I) (CPVQ,

1992) and zero fertilizer N, with monocrop corn and free drainage. These three

treatments were included to provide a calibration, at least for free drainage, whereby

the effects of intercrop competition for N could be assessed. Therefore, a total of eight

treatments were arranged in a randomized complete block design with three blacks.

Details of the eight treatments are given in Table 3. l. AIl treatments were repeated at

the same plots for two years.

Each plot was 75 m x 15 m with a corn row spacing of 0.75 m. Corn (Pioneer

3921) was sown on May 27 in 1993 and May 31 in 1994, resulting in populations of

63,000 and 71,000 plants per ha-l, respectively. The difference in corn plant density in

the two years was due to wet conditions at seeding time in 1993, leading to low
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germination as a result of soil compaction. Annual ltalian ryegrass (Lotium mu/r{florum

Lam. cv. Barmultra) was sown between corn rows in the intercropping plots using a

forage planter (Brillion ~(odel S560-01, Brillion Iron Works [nc. Brillion. U.S.A) at a

rate of 28 kg ha-[ on June 6 in 1993 and June 9, 1994. At planting. the 0 N fertilizer

plots received 52 kg P as 0-46-0 (N-P-K) and ail other plots received 47 kg N ha-! as

18-46-0 (N-P-K). Two weeks after planting, 133 kg N ha-[ and 223 kg N ha- I as

NH4NO] (34-0-0) were applied ta the 180 and 270 kg N ha-[ fertilizer treatments.

respectively.

Herbicide (atrazine: 2-chloro-4-ethylamino-6-isopropylamino-I.3,5 triazine)

was applied ta the monocrop plots at a rate of 1.52 kg a.i. ha-[ in bath years. In 1994.

1.1 kg a. i. ha-[ Basagran (bentazon) [(3-(l-methylethyl)-(l H)-2, 1.3-benzothiadiazin­

4(3H)-one 2,2-dioxide)] were applied ta the intercropped plots ta control broad-Ieaf

weeds. In 1993. ragweed (Ambrosia arremisiifolia L.) constituted the major weed in

intereropped plots while barnyard grass (Echinochloa crusgalli L.) dominated in 1994.

AH plant residues including ryegrass and weed biomass in the intercropping system

were incorporated iota the sail shortly after corn harvest.

3.3.2. PianI sampling and analysis

Corn plant samples were taken at four times: 1) at the six leaf stage (1uly 6 in

1993 and July 7 in 1994),2) at tasseling (July 28 in 1993 and August 2 in 1994).3) at

mid grain-filling (August 28 in 1993 and August 22 in 1994) and 4) after physiological

maturity (Oetober 12 and 13 in 1993 and 1994. respectively). At the tïrst three

sampling dates, four randomly selected corn samples per plot were collected in 1993.

In 1994, this was increased ta 5 randomly selected plants per plot. At the tïnal harvest.

30 randomly selected corn plants were sampled in each plot in both years. Harvested

plant samples were separated into leaves, stalks and grain (when present). At the tïrst

sampling lime (six leaf stage) in 1993, we did not separate the leaves and stalks. Plant

samples were dried ta a constant weight in a forced air dryer for determination of DM

production. Dried plant tissues were sub-sampled and ground using a Wiley mill (A.H.

Thomas Co., Philadelphia, PA, U.S.A.) fitted with a 2 mm sereen. for subsequent
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total N analysis.

Ryegrass and weeds were harvested at the same time as corn at aIl four

sampling times. [n 1993, ryegrass and weeds in each intercropping treatment were

collected from two random quadrats of 0.75 m X 0.5 m at the tïrst three sampling

times, and the same three sampling areas were used at tïnal harvesr. [n 1994. three

0.75 m X 0.5 m areas of samples were collected at each of four sampling times. The

ryegrass and weeds were separated, dried, subsampled and ground as described above

for DM production and total N analysis.

Nitrogen concentration in the plants was determined by Kjeldahl digestion

(Tecator, Kjeltec 1030 autoanalyer, Sweden). Nitrogen uptake by corn (leaves. stalks

and grain), ryegrass, and weed plants were calculated by multiplying the N

concentration (separately for each plant tissue in the case of corn) with its

corresponding DM weight at each sampling time.

Differences in DM production and N uptake among cropping systems. \VTC

and applied N levels were tested using ANGVA with a model appropriate to a

randomized complete block design (SAS rnc., 1985). The effects of cropping system

and WTC were tested without including the treatments in which N was applied at 0 and

180 kg N ha- l
. The effeets of applied N levels were tested with free drainage.

monoeropped corn treatments receiving 0, 180 and 270 kg N ha-(.

3.4. Results and Discussion

Precipitation levels varied between the two growing seasons (Fig 3.1). The

1993 growing season was relatively wet with accumulated rainfall between May and

Detober being 30 mm above normal. By contrast. precipitation in the 1994 growing

season (May to Detober) was 98 mm below normal.

3.4.1. Response to cropping sysrem and WTC

3.4.1.1. DM accumulation and N uptake

Intercropping in 1993 greatly increased total aboveground DM production,

leading ta a higher N uptake for the intercropping than the monocropping system at ail

stages, while in 1994 this difference only occurred at the six leaf and at tinal harvest
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stages (Fig 3.2c, d, g and h). By tinal harvest, intercropping increased the mean total

DM produced by 3.1 Mg ha- ' (19%) and 2.7 ~lg ha- l (15%) in 1993 and 1994.

respectively, compared to the monocropping system. Use of the intercropping system

increased N uptake by 77.2 kg N ha- ' (27% of the total N uptake was by the ryegrass

plus weeds) in 1993 and 50.7 kg N ha- l (21 % of total N uptake was by the ryegrass and

weeds) in 1994 by tinal harvest. when compared with the monocropping system.

These observations demonstrated that the increased intercrop biomass production not

only increased overal1 N uptake, but also increased organic plant residual returns ta the

sail, thus improving soil quality (Liang and ~lacKenzie, 1992). These will aIso be a

long term residual benetït in the term of increasing mineralized N in this cropping

system. Yadav (1981) reported that sugarcane yield following corn intercropped with

legume pigeon pea was increased by 40% over that obtained following corn alone_

This occurred even though com yields were not intluenced by the intercrop.

The lower N uptake by ryegrass in 1994 than 1993 was consistent with D~l

production (Fig 3.4). The dry conditions in 1994 did not affect corn and weed growth.

but did reduce that of ryegrass, relative to 1993. There was 79 % less ryegrass Drvl

production at tinal harvest in 1994 than 1993, indicating that under the conditions of

our experiment, ryegrass was more sensitive to sail moisture than corn (Fig 3.4).

Because corn plants are taller than ryegrass, and therefore compete more effectively for

light, the development, including root development, of the ryegrass was probably

restricted under intercrop conditions. Under these conditions, corn would have been

the stronger competitor for sail water. Thus, when sail moisture becomes limiting.

corn plants are able ta capture more water for plant development. In addition. more

vigorous growth of weeds relative to ryegrass at the six leaf stage (998.6 kg ha-lof

weeds vs 13.9 kg ha· l of ryegrass) (Fig 3.4) in 1994 may also have depressed the

development of ryegrass due to weed competition for nutrients and soil moisture.

Weeds comprised a large proportion of harvested ground cover biomass in 1994,

emphasizing the importance of weed control in intercropping systems. The results of

this study also showed that ryegrass utilized more N than weeds when their DM
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production was similar. suggesting that ryegrass would be a particularly good species

for conservation of N, if well established in the absence of weeds (Fig 3.4).

During this study, the effects of WTC were less pronounced than those of

cropping system. The lack of WTC effect in bath years, was probably due to the small

differences in WTD during this study. On the other hand. Kalita and Kanwar ( 1993)

showed corn yield improvements with WTD as deep as 0.9 m.

The generaI pattern of DlVl accumulation by whole corn plants was consistent

with other previously reported research on monocropped corn (Hanway, 1960). Dry

matter production and N uptake by corn at any sampling time was unaffected by either

cropping system or WTC over the two years (Fig 3.2a, b. e and t). The general lack

of intercropping effect on corn DM and N uptake over the two years could have been

due to: 1) the combination of abundant N (270 kg N ha- I
) and sufficient soil water

(subirrigation) such that the only real competition between intercropped corn and the

mixture of ryegrass and weeds was for light. which the much taller com was likely

most effective at capturing; 2) lack of strong competition among the intercrop

components (corn, ryegrass and weeds) due to the establishment of ryegrass later than

corn, possibly coupled with reduced growth of ryegrass in 1994. However. one

exception to this lack of effect was noted: there was 7% less DlVl production in

intercropped corn than monocropped corn plants at the mid-grain tïlling stage in 1993

(Fig 3.2a). We assumed that the reduction in DM production of intercropped corn at

that time was the result of interspecific N competition among corn, ryegrass and weed

components between the tasseling and mid-grain tïlling stages of corn development (Fig

3.3g, h and Fig 3.4). During this period, the lower N content in both leaves and stalks

of intercropped corn indicated that there was greater degree of competition for N from

ryegrass and weeds than at other samplings. However, this lower DM production by

intercropped corn at the mid-grain filling in 1993 compared with monocropped corn did

not result in decreased final corn N uptake.

Averaged over the two years, the maximum N accumulation (235 kg ha- 1
) by

corn in this study was reached at mid-grain filling (Fig 3.2g, h). Wetselarr and
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Farquhar ( L980) indicated that the total amount of N in aboveground biomass (grain

plus stover) of annual grain crops reaches a maximum before maturity, often followed

by a subsequent decline. Substantial post-anthesis N losses have been reported for

wheat, ranging from 15 to 80 kg N ha-1 (Daigger er al., 1976~ Papakosta and Gagianas.

1991). Francis er al. (1993) found that 7 to 34 kg N ha-lof labelled N was 10st from

aboveground corn plant tissues when the plants were fertilized with 50 to 300 kg N ha­

l. It has been suggested that this loss of N from the aboveground biomass was due ta

the N volatilization from foliage. particularly at high N fertilizer levels~ this decline

occurs largely after the reproductive stage (Terman and Allen. 1974.: Crasswell and

Martin, 1975; Stutte and Weiland, 1978). Assessing volatilization N lasses by corn

plants may be important in understanding N eftïciency in cropping systems.

3.4.1.2. DM disrriburion and N allocation within corn planrs

The allocation of DM and N among different parts of the corn plant was not the

same in monocropped and intercropped corn for the two years of this study (Fig 3.3).

The effects of cropping system on these variables occurred more frequently at tasseling

and mid-grain tïlling. and were more pronounced in 1993 than in 1994. Intercropping

corn with ryegrass did not alter the general pattern of corn DM accumulation and N

allocation with time (Fig 3.3). In 1994, the effect of cropping system was more

pronounced for DM production and N in leaves than in stalks.

At tasseling in 1993. the lower N content in both leaves and stalks in

intercropped corn did not result in lower DM production, indicating that intercropped

corn was more efficient in utilizing N. At mid-grain tïl1ing in 1993. DM production in

corn leaves and stalks of the intercropped corn were both lower than those of

monocropped corn, resulting in a reduction in total corn DM production (Fig 3.2a ).

Nitrogen contents in leaves or stalks of monocropped corn were also higher than those

of intercropped corn at this time. This result indicated that the ryegrass and weeds

were more competitive for resources (especially N) at this stage. The competition for

N at tasseling was also evident for corn intercropped with cowpea (Francis and Stern.

1986). It seems probable that the peak demand on the environment for growth-limiting
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factors (e.g N) by intercrop ryegrass plus weeds occurred at the same time as peak

demand was reached by corn; the latter being the dominant component of the intercrop

system.

At harvest, corn grain yield was lower in 1993 than 1994. probably due to the

lower population in 1993. The yield of intercropped corn was not affected by cropping

system or WTC although DM accumulation in corn leaves and stalks was reduced by

the presence of ryegrass and weeds at sorne growth stages in both years. Competition

among corn, ryegrass and weeds was apparently not sufficient to cause a reduction in

grain yield. It is probable that the abundant supplies of N and water alleviated or at

least minimized interspecitïc competition among plants. Similar effects on corn yield

were reported for com intercropped with soybean or peanuts (Searle er al.. 1981).

3.4.2. Response rD N

3.4.2.1. DM aeeumu/arion and iV uprake

Differences in DM production and N accumulation between applied N

treatments and the 0 N treatment did not occur at the earliest measured growth stage

(the six leaf stage), indicating that there was a minimal N requirement for corn growth

at this stage (Fig 3.5). The DM production and N uptake by monocropped corn at the

oN treatments through aIl corn growth stages suggested a greater degrees of N stress

for 0 N plots in 1994 than in 1993. This was probably responsible for the reduction of

in corn DM production in these plots in 1994 relative to 1993 (Fig 3.5).

Dry matter production and N uptake were much greater for treatments which

received N fertilizer than for the 0 N treatment at tasseling, indicating that N was

limiting ta plant growth for the 0 N treatment. There were no differences in DM

production or N uptake for the applied N rates of 180 and 270 kg Nha" at any

sampling date in either year. Therefore, if the applied N exceeds the recommended N

rate of 180 kg N ha" for monocropped corn, it will result in a lower N recovery. which

may lead to increased N accumulation in the soil profile after corn harvest. In terms of

N use efficiency (yield divided by the amount of applied N), when 180 kg Nha"! were

applied, 67% was recovered in the monocrop corn at harvest while an application of
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270 kg N ha-' resulted in recovery of only 48%. averaged over the two years of this

study. The highest N rate (270 kg ha-') was used. as it has been shown to produce

maxim grain yields (Liang and MacKenzie, 1994a), and would minirnize competition

for N between the ryegrass component and the corn, aIlowing the system to maintain

corn grain yield levels. However, the continuous appiication of high N rates for corn

production can lead to the accumulation more N in the soil protïle after crop harvest.

In the faB of 1993, FINno accumulated 28 % less N in the top 1 m of the soil protïle

than FMN,so (the recommend N rate treatment) (97.5 kg N ha-' vs 134.9 kg N ha-il.

By the following faH, FINno accumulated over 50% more N in the top 1 m of the soil

profile than FMN IlIO • Theses results suggest that use of a corn-ryegrass intercrop

reduces soil N accumulation after crop harvest, but not sufficiently to overcome the

increased accumulation of soil N03--N due to consecutive applications of N levels weil

above those recommended in the second season.

3.4.2.2. DM disrribufion and N allocation wirhin corn plants

The applied N levels greatly affected allocation of plant N and DM ta each plant

part (Fig 3.6), but did not change the pattern of D~1 production and N accumulation in

plant parts with time. Dry matter distribution or N uptake in the different tissues of

monocropped corn did not differ between 180 kg N ha-' and 270 kg N ha-' while the 0

N treatment accumulated less DM and N, than treatments receiving N fertilizer.

Nitrogen in corn leaves declined rapidly after tasseling, and leaf weight showed

a similar trend. Conversely, bath DM production and N accumulation in corn stalks

decreased after tasseling while the grain weight increased linearly from mid-grain

filling to harvest time, indicating that corn stalks may play an important role in

supplying assimilates to grain. The net accumulation of sugars by the corn stems

occurs over a short period of 2-3 weeks and the amount of sugar accumulated is

substantial, sometimes equivalent to 12 to 25 % of tinal grain dry matter (Daynard et

al., 1969).

3.5. Conclusions

This study showed that an intercrop of corn and ryegrass increased N uptake
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from soil. We have shown that during corn development. aboveground Drvl production

and N uptake in the intercropping system was greater than in the corn monocropping

system due ta a greater DM production per unit land area by the intercrop. The

cropping system altered the pattern of DM distribution and N allocation within corn

plant parts. Competition among corn, ryegrass and weeds at sorne growth stages

resulted in no reduction of corn grain yield at harvest due to intercropping.

Intercropping can provide more crop residues into the soil than corn monocropping.

Eventual decomposition of the greater crop residues from an intercropping system will

result in the release of mineralized N, benefiting both crops and sail in the long term.

Production of corn intercropped with annual ryegrass reduces soil N accumulation after

crop harvest. However, intercropping does not completely mitigate the increased soil

NO)--N levels resulting from the consecutive application of high N fertilizer levels

substantially above the recommended values. Water table controls had no effect on

DM production and N allocation. Addition of N above the recommended rate led to

Low proportional N recovery. Finally, we showed that the establishment of ryegrass

greatly affected N uptake by the intercropping system and that besides N levels.

environmental factors (such as precipitation) can li mit 01\11 production and N uptake by

ryegrass.
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Table 3. L Description of experimental treatments (1993-1994).

Treatments Water table depth cropping systems N Ievels

FMNo free drainage monocropping 0

FMN1so free drainage monocropping 180

FMN270 free drainage monocropping 270

FIN270 free drainage in tercropping 270

S7oMN270 70 cm monocropping 270

S7JN270 70 cm intercropping 270

S8~tN27o 80 cm monocropping 270

SSJN270 80cm intercropping 270
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Fig 3.1. Monthly precipitation during 1993-1994 and 2ü-year average.
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Fig 3.2. The effect of cropping system on dry matter production and N uptake at each

sampling time (the same letters indicate that no difference wirhin the sampling time due

to the effect of cropping system was found at the 0.05 probability level: ns = no

significant difference).

38



c

!
1

19941
1

Total DMCorn DM production
28 .---------....----------a- monocropped com a -e- monocrop syslem
24 --a-- Intercropped com r~ InlerCl'Op syslem a

~~~ ~s ~ 0 b

8 ~ -._ ~
~ ~ ~ ns, 1,993 t 19931

~~ ns b ~ d

~: nsY t b

8~ / 1

4 - 1994 [
1 1

otns!! ~

c
.Q
Ü
::l

"'Ce
~

:E
Cl

'r"""
1

CO
.c
Cl
~---

a

b

1993

b

i

f 1 h

r
ns r

1

19941

Corn N uptake Total N uptake
e [g

1r
~
1
1r

1993 r
1

~ ns ,

300 1

1

250 1- 200 ~

.- ~ 1~~
~ 100

1

~ 50 ~
Cl

a b;:s:.-
~ 300 1

CO
ë.. 250
::l
Z 200

150

100

50

a
2 3 4 2 3 4

Sampling times

- 39



Fig 3.3. The effect of cropping system on dry matter distribution and N allocation at

each sampling time (the same letter indicates a lack of difference within sampling times

due to cropping system at a 0.05 probability level: ns = no signitïcant difference).
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Fig 3.4 Dry matter production and N uptake by ryegrass and weeds at each sampi ing

time in the 1993-1994 growing seasons.
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Fig 3.5. The effect of applied N rates on D~t production and N uptake at each

sampling time (the same letter indicates that no difference within the sampling time due

to applied N rates was found at the 0.05 probability level; ns = no signitïcant

difference) .
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Fig 3.6. The effect of applied N rates on dry matter distribution and N allocation at

each sampling time (the same letter indicates that no difference within the sampling

time due to cropping system was found at the 0.05 probability level: ns = not

significant difference).
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Preface to Chapter 4

Chapter 4 is comprised of materials contained in a manuscript by myself. my

supervisor Dr. D.L Smith and three other co-authors, Dr. C.A. Madramootoo. Dr.

A.F. MacKenzie, and Dr. J. W. Kaluli, submitted to the Journal of Environmenral

Qualiry for publication in 1997. The format has been changed to be consistent with

this thesis. AlI literature cited in this chapter is listed in the reference section at the end

of this thesis. Each table or figure is presented at the end of this chapter.

Following discussion of corn growth patterns and dynamics in monocrop and an

intercrop systems with ryegrass, as affected by water table managements in chapter 3.

final corn grain yield, ground cover production. N uptake and fertilizer N use

efficiency, as affected by the combination of the cropping system and controlled

drainage, are investigated in this chapter.

48



Chapter 4

Water Table Control and Intercropping to ~linimize Soil N03-N

Accumulation and Leaching Under Corn I. Corn Yield, Dry matter Production.

N Uptake, and N Use Efticiency

4.1. Abstract

Concem about NOJ- leaching and groundwater pollution from corn monoculture

has prompted investigation of alternative production systems which reduce leaching. lt

is hypothesized that both intercropping and water table control could increase N uptake

after corn harvest. This study cornpared corn (Zea mays L.)-annual ltalian ryt.grass

(Lolium multiflorum Lam) intercrop and corn monocrop systems under three controlled

drainage levels (free drainage, and water table depths via .subirrigation maintained at

0.70 or 0.80 m from the soil surface). Corn yield. aboveground dry matter production.

and soil N utilization were assessed over two years on fine, silty, rnixed. nonacid.

frigid Typic Humaquept sandy loam soil. Corn grain yield and N uptake increased

linearly with applied N in 1993, and quadratically in 1994. Corn grain yields were not

affected by the corn-annual ryegrass intercrop with various water table depths in either

year. The intercropping system at harvest increased total aboveground N uptake by

77.2 and 50.7 kg ha- l when compared with monocropping in 1993 and 1994.

respectively. Fertilizer nitrogen recovery (FNR) was higher in the monocropped corn

grain and stover than the intercropped corn. Water table depths had less effect on grain

yield and N uptake than cropping system. Precipitation during the growing seasons

may aIso have been a limitation to N conservation by annual ryegrass. This study

indicated that a corn-annuai ryegrass intercrop system is an effective practice for

increasing soil N uptake without reduction of corn grain yield when adequate N and

moisture are present.

4.2. Introduction

There is growing concem that leaching of N03--N from sail used for

monoculture corn production constitutes a major source of NOJ'-N pollution of

groundwater (Neilson and MacKenzie, 1977; Martel and MacKenzie, 1980; Liang et
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al., 1991). It has been estimated that 30% of the N fertilizer applied in Québec is lost.

and may make its way to groundwater and waterways via leaching and surface runoft~

(Neilson and MacKenzie, 1977). In Québec, Madramootoo et al. (1992) measured

N03'-N concentrations of 45 mg Loi in tile-drained potato fields. The U .S.

Environmental Protection Agency safe drinking water limit is 10 mg L- I N03·-N. The

adverse health and environmental impacts of NO]--N contaminated groundwater make it

imperative to determine NOJ--N leaching losses from cropland, and to investigate crop

production practices which could reduce leaching.

The objectives of producing crops in intercropping systems range from its

higher land productivity (Ebelhar et al.. 1984; ~lartin et al.. 1990: Weil and

Mcfadden, 1990), to providing green manure or caver crop biomass for sail enrichment

and conservation. More recently in North America, intercropping cereals (mainly corn

and sorghum) with legumes has been considered as a possible way to mainrain high

productivity while improving soil fertility and structure (Allen and Obura. 1983:

Ebelhar et al.. 1984). In Europe, intercropping has also been shown to reduce NO~--N

leaching by increasing plant N uptake (Juergens-Gschwind, 1989). Increasing N

uptake by plants will aid in impraving the efficiency of fertilizer N utilization (Oison

and Kurtz, 1982).

Grass species have been shown ta be very effective in reducing NOJ--N leaching

(MacLean , 1977; Steenvoorden, 1989). Annual Italian ryegrass (Lolium multfflorum

Lam), with its high dry matter production and extensive root system, can increase soil

organic matter, improve soil structure, reduce sail erosion, and decrease the loss of

N03--N through leaching, by absorbing soil NO]'-N and incorporating it into organic

matter (Schery, 1961; Musser and Pekins, 1969; Kunelius and Veinot, 1984:

Bergstrom, 1986; Groffman et al., 1987). The ability of ryegrass to absorb and

recycle N03--N can be exploited in corn production to decrease soil NO]'-N and reduce

leaching of soil N03--N (Claude, 1990).

Kurtz et al. (1952) suggested that competition in com-intercrop systems is

essentially competition for N and water, and high corn yields could be achieved
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regardless of the extensive growth of intercrop components if sufticient amounts of

these two resources were available. Researchers have found that corn yield did not

decrease when corn was intercropped with legumes or grass species such as rye and

ryegrass (Chang and Shibles, 1985; Scott et al., 1987). In an experiment with sweet

corn, intercropped with white claver (Trifoliunl repens L.), ladino clover (T. repens L.

forma lodigense Hart. ex Gams.) and aIfaIfa (A1edicago saliva L.) seeded at corn

planting time or 4 weeks later, intercropped corn yields were comparable to

monocropped corn (Vrabel, 1981). However, Nordquist and Wicks (1974) reported

that corn dry matter was reduced by up to 47% and yield reductions up ta 31 % when

alfaIfa was interseeded at corn planting. Allen and Obura (1983) suggested that the

competition for N was responsible for lower corn yields within an intercropping

system.

Water table control has been recommended as a management practice to reduce

N03'-N pollution from agricultural land and increase crop yield (Kalita and Kanwar.

1993; Madramootoo el al.. 1993). Research by Evans el al. (1989) has shown that

controlled water table depths reduced N and P losses from a field by 47 and 44 %.

respectively, compared with conventional drainage. Studies by Meek et al. (1970)

reported reductions of sail N03--N of up ta 50% through water table control. due to

denitrification. A water table depth as shallow as 0.4 m was found to reduce overall

N03--N levels in the soil profile by up ta 50%. and to increase soybean yield by

approximately 20%, compared with conventional. free-outlet drainage (Madramootoo

et al.• 1993). Kalita and Kanwar (1992) reported that, under controlled water table

depths, a water table depth from 0.6 ta 1 m increased corn yield and sail N03'-N

levels. On the other hand, Chaudhary et al. (1975) concluded that corn response to

water table depths varied with rainfall during the growing season. They found that the

deeper the water table the greater the corn grain yield under wet conditions while grain

yield was increased by shallow water tables under dry conditions.

The most effective way of reducing N03--N leaching from soil is to reduce the

N application rate. However, reductions of applied N can result in corn yield
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reductions. Therefore~ the best way ta reduce leaching losses is to improve N use

efficiency. A study by Miller and MacKenzie (978) found that between 30 ta 60% of

sail applied fertilizer N was recovered under Québec conditions. The determination of

an optimum N rate for maximum corn production and increased ground caver

production by intercropping will increase N use efficiency and minimize potential

leaching lasses.

No previously reported work has evaluated the combination of bath

intercropping and water table contrais as a method of reducing N01--N in the soil

protile without decreasing corn yield. In this study, the terro intercropping refers ta the

practice of seeding annual Italian ryegrass between corn rows and plowing the corn

stover and ryegrass residues into the sail after corn harvest. Our objectives in this

work were to: i) compare corn yield, uptake of sail N and N use efticiency as affected

by an annual ltaHan ryegrass intercrop component and controlled water table depths

(via subirrigation) under conditions of sufficient N supply; and ii) assess monocropped

corn yield and N uptake response ta N fertilizer levels under sail and climatic

conditions for southwestern Québec.

4.3. Materials and ~Iethods

4.3.1. Field condirions

An experiment was conducted during the 1993 and 1994 growing seasons, in

Soulanges County, Québec~ Canada. The tie!d had been used for corn production for

two years prior to the experiment. The soil was a Soulanges very tïne sandy loam

(fine, silty, mixed, nonacid, frigid Typic Humaquept). This sail type extends ta about

0.5 m, and is underlain by a layer of clay loam and clay. The tield slope was

approximately 0.5 %.

Treatments included two cropping systems (monocrop corn and a corn-annual

ltalian ryegrass intercrop), and three warer table controls (conventional, free-outlet

subsurface drainage and two water table levels with average water tables depths of 0.70

and 0.80 m below the soil surface). The average water table depth of the free drainage

treatments over the two growing seasons of this study was 1.0 m. The controlled water
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table depths had originally been set for 50 and 75 cm. but due to deep seepage. the

water table depths cauld be maintained only at 70 and 80 cm. respectively. The

factarial combination af cropping system and water table depth resliited in six treatment

combinations which were fertilized annually with 270 kg N ha- ' . an maximum N rate

(Liang and MacKenzie, L994a) in this area. Each block had two additional manocrop

corn plots with conventional free-outlet drainage. Of these two plots. ane received no

N fertilizer and the other received 180 kg N ha- ' . The design of this experiment was a

randomized complete black with three blacks (see Table 3.1 in chapter 3).

Each plot had a surface area of 1125 m2 (L5 by 75 m) and contained a total of

20 corn rows, with 0.75 m between adjacent rows. Corn hybrid Pioneer 3921 was

planted in the last week of May L993 and 1994. The population densities were 63.000

and 71,000 plants ha- ' in 1993 and 1994, respectively. The lawer corn density in 1993

was caused by sail compaction due ta the lare arrivaI of spring planting conditions.

which resulted in seeding into very wet sail. One week after corn planting, annual

Italian ryegrass (Lolium mll/rij7orllm Lam. cv. Barmultra) was sown between corn rows

of intercrop treatment plots at appraximately 28 kg ha-! using a forage seeder (Brillion

model S560-01, Brillion Iron Works rnc, Brillion. V.S.A).

In both years, monocrop cam plots were treated with 4.0 L ha-' atrazine (2­

chloro-4-ethylamino-6-isopropylamino-I,3,5 triazine). Herbicide was not applied ta

intercrapped treatments in 1993. [n L994, hawever. 2.25 L Basagran (bentazon) ha- l

(3-( l-methylethyl)-( 1H)-2, 1.3-benzothiadiazin-4(3H)-one 2,2-dioxide) was applied ta

the intercrop treatment in order to control broad-leaf weeds. Ragweed (Amhrnsia

anemisiifoiia L.) was the daminant weed in the intercropping plots in 1993. while

bamyard grass (Echinochloa crusgalli L.) was the major weed in 1994.

Precipitation data were collected at a weather station 500 m away from the

experimental site. During the 1993 growing season (May to October), precipitation

was 30 mm above the 20-year average. By comparison precipitation, the 1994 growing

season was 98 mm below the 20-year average (see Fig 3.1 in chapter 3).

4.3.2. Water fable control andferrilizer application
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Two buildings (each 5 m by 5 m) were constructed at the site for water table

control, to monitor drainage water tlow. and ta collect drainage water samples. A

subsurface drainage lareral (76 mm i.d.) was cenrrally located with 0.3 % slope along

the length of each plot at a depth of 1 m, in the same direction as the natural drainage.

The downstream end of each drainage lateral was connected to a 5 m long oon­

perforated PVC pipe with a 5 L mm diameter. These non-perforated PVC pipes then

entered the instrument buildings. Each plot was separated by a double-thickness. 6-mil

polyethylene plastic sheet buried vertically below the sail surface ta a depth of 1.5 ITI.

The purpose of this plastic sheet was ta reduce intra-plot seepage. A complete

description of the entire water management research facility can be found in Tait er al_

(1995).

In bath years, L41 kg K ha- I as K20 were applied prior to planting in aU plots.

At planting, the 0 N fertilizer plots received 52 kg P ha- ' as 0-46-0 (N-P-K) while all

other plots received 47 kg N ha-' and 52 kg P ha- l as 18-46-0 (N-P-K). In order to

establish the 180 and 270 kg N ha-' N rates, 133 kg N ha- l and 223 kg N ha-' as 3'+-0-0

(NH4NOJ) were applied ta the 180 and 270 kg N ha-' fertilizer plots. respectively. two

weeks after planting.

4.3.4. Plant sampling and analyses

Corn was harvested in the second week of Dctober in bath years. Ten corn

plants were randomly chosen at three subsampling sites within each plot, and hand­

harvested. The rernaining corn plants in each plot were harvested for grain with a

combine. Corn stover (leaves plus stalks) was plowed (moldboard plow. incorporation

ta 20 cm) into the tield shortly after harvest. Corn plant subsamples harvested from

each pLot were used ta determine grain yield and dry matter production. The harvested

plants were separated ioto leaves, stalks and ears, then weighed, chopped, subsampled.

air dried, and finally weighed again. Final grain yields in both years were expressed at

0% moisture. Dried composite subsamples of grain, leaf and stalk samples were

ground with a Wiley mill (A.H. Thomas Co., Philadelphia, PA, V.S.A) to pass

through a 2 mm sieve for plant tissue and grain N determinations.
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In order to allow estimation of total above-ground N uptake, three areas

(O.75m by 0.5 m) of intercrop ryegrass and weeds were harvested in the intercropped

plots at the same time as the corn was harvested in both years. The ryegrass and

weeds were separated and dried to a constant weight in a forced-air dryer. subsampled

and ground as described above for estimation of dry matter production and total N

content.

Total plant N was determined by Kjeldahl analysis (Tecator, Kjeltec 1030 auto

analyzer. Hôganas, Sweden). Plant tissue samples (approximately 0.5 g) were

digested for 90 min at 420 oC in 12 mL of concentrated H2SO.. containing 6.8 g

catalyst (3.5 g K2SO,J per 3.5 mg Se). Digested samples were then distilled and

titrated. Nitrogen uptake levels by corn, ryegrass and weeds were determined from

the total N concentration of plant tissues and dry weights at the end of each season.

In order to detect the fate of applied fertilizer N, ISN microplots were

established in the plots with N fertilized at 270 kg N ha- l in two blacks in both years.

Before N fertilizer application in 1993, two locations on opposite sides of each plot.

were chosen randomly from tïve middle rows for establishment of (SN microplots for

the 1993 and 1994 growing seasons. In both years, a 2.25 m by 3 m unfertilized area

was marked ta prevent any unlabeled N fertilizer application to the areas which were

later used for 1sN microplots. After corn emerged, a 1. 15 m by 1 m area within the

remarked area was selected as the ISN microplot. In order to delimit the microplot, a

solid plastic border was hammered into the soil along both sides and both ends of

each microplot ta a depth of 20 cm. Disturbance of the soil within the microplots

was minimal. A solution of ISNH4 l5N03 (5% atom enrichment) was sprayed evenly

on the microplot surface areas on June 17, 1993 and June 16, 1994. [n order to

move t5N fertilizer below the soit surface, an additional 2 L of water was added

immediately after the lSN solution. Corn in the microplots was harvested at the same

time as the main plots were harvested, as three separate sampling groups: group 1

was formed by the plants at 60 cm from both ends of the microplots; group 2 was

formed from two plants 40 cm from the ends of the microplot; and group 3 was

formed by the two plants, 20 cm from the ends the of microplot. AU harvested plant
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samples were separated into leaves, staIks, and grain. Harvested samples were dried

to a constant weight. Total N was determined as described above. The titration

solutions from the Kjeldahl analysis were used for (SN analysis (Martin et ai.. 1991).

The % ISN atom enrichment in the plant samples was determined by emission

spectroscopy using a JASeO N-l50 ISN analyzer (JASeO. LTD, Tokyo. Japan).

Fertilizer nitrogen recovery (FNR) was calculated by the following equation:

% N recovered = p(c-b)/f(a-b) X 100

where p is the total N in corn grain, or corn stover, or ryegrass, or weeds, f is the

amount of N fertilizer applied, and a, b, and c, are the atom % ISN concentrations in

the fertilizer, un labeled control plants. and labeled plants. respectively.

We found that lSN enrichment of plant tissue was not affected by plant position

in the microplot, and we used the % (5N enrichment from the plants at the central

position to calculate the N use efticiency. [n order to relate the tïnal plant growth

values to the whole field, the total N values of plant tissue from olltside of the

microplots were used to calculate N use efficiency.

Three sampling groups of intercrop ryegrass (including weeds) were harvested

in the same manner as the corn plants within the microplots. In order to obtain

reliable ISN recovery (Jokela and Randall, 1987). the intercrops sampled were at least

0.38 m from the end of the microplots. The sampled intercrops were separated into

ryegrass and weeds, dried, weighed and ground. Total N and 1sN were determined as

described above for corn plants.

Data were analyzed using analysis of variance with the SAS PROe GLrvt

(General Linear Models) procedure (SAS, 1985) and single degree of freedom

contrasts. Orthogonal polynomial trend comparisons were applied only for FMNII •

FMNI80 and FMN170 (see Table 3.l in chapter 3 for treatment descriptions) for the

effect of fertilizer N rates. To test for cropping system and water table effects,

orthogonal contrasts were employed without treatments FMNo and FMN ISU. Since

there was no cropping system by water table depths interaction, we do not indicate the

significance level of this interaction in the tables.
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4.4. Results and Discussion

4.4.1. Grain yield and roral aboveground dry J11afler production

A linear yield response ta sail added N was obtained in 1993. while for 1994

this relationship was best described by a quadratic function. Corn grain yields ranged

from 5.7 ta 8.5 Mg ha- I in L993 and from 4.0 ta 9.9 Mg ha- l in 1994 (Table -+.1>. In

1994, a period of dry weather occurred in July (43 mm less precipitation than the 20

year average) (see Fig 3.1 in chapter 3). This dry period was coincident with the

tasselling stage of field-grown corn in that year. Thus, the quadratic grain yield

response of 1994 may have been the result of moisture stress rather than a fully

exploited yield potential at the highest N rate. The N fertilizer rate for maximum grain

corn yield in 1994 was calculated as 215 kg N ha· l
.

Grain yield and dry matter production by the 0 N control treatment in 1994

were 1.7 and 3.4 Mg ha-l, respectively, less than in 1993. In the pasto corn Ieaf N

concentration has been used to help explain corn responses to fertilizer practices and

management (Jones er al. 1 1967: Voss et af., 1970). We observed that corn leaf N

concentration in the 0 N treatment in 1994 was approximately half of that of 1993 (6.7

vs 12.9 g kg-I). In addition, nitrogen detïciency symptoms were more apparent during

the early growth stages of corn plants in the 0 N plots in 1994 than in 1993. The lower

tissue N concentrations in 1994 indicated a greater degree of N limitation stress for the

plants of the 0 N plots in 1994 than in 1993. This may explain the decrease in corn

yield and dry matter production in the aN plots in L994 relative to L993.

Corn grain yields were not affected by the presence of ryegrass in either year

(Table 4.1). The grain yield was similar to the 3 year mean yield of monocrop corn in

Québec (Liang and MacKenzie, 1994a). Similar results have been noted p~eviollsly in

inrercropped with legumes (Kurtz er al.. 1952; Searle et al., 1981). Studies by Scott er

al. (1987) found that corn yield was not affected by the presence of underseeded

intercrop components if the latter was planted when the corn was 0.15 to 0.30 m high.

In our experiment, the ryegrass was planted one week later than the corn. The ryegrass

started to geminate when the corn plants were about 0.30 m taH in bath years.
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Indigenous weeds had not fully established by that time. Therefore, the reduction in

competition from the ryegrass or weeds during the early growth stages and suftïcient N

(270 kg N ha-' applied) ta minimize any competition between the corn. ryegrass or

weeds for this soil nutrient, was probably responsible for this lack of reductian in corn

grain yield in both years.

Nitrogen fertilization caused a linear increase in the staver dry matter biomass

in both years. Intercropping had no affect on this variable. Shallaw water table depths

reduced staver dry matter biomass by 10% when compared with conventional drainage

in 1994 (P=0.06). Lower stover dry matter yields were also observed in 1994 than in

1993. This suggests that the summer moisture stress observed in 1994, although not

severe, limited corn stover yield.

Total biomass production by ryegrass in this study (0.3-1.9 Mg ha- ' ) was similar

ta that reported by other intercrop researchers in this region (eg. Hope-Simpson. 1992).

Greater total intercrop biomass was measured in 1993 than in 1994. This was

primarily due to the greater biomass of ryegrass in 1993. The ryegrass did not develop

weIl early in the 1993 season. However, one month before corn harvest, the ryegrass

had achieved good establishment due ta the senescence of weeds. The poor

establishment of ryegrass in 1994 was probably due ta its poor germination as result of

wet soil conditions at planting (June) (see Fig 3.1 in chapter 3), stronger competition

due to an earlier establishment of weeds relative to ryegrass, and drought stress starting

in July. In this study, weeds comprised a large proportion of harvested ground cover

biomass, emphasizing the importance of weed control in intercrop systems.

Total above ground dry matter production ranged from 11.8 to 21.1 Mg ha-' in

1993 and 8.4 to 20.7 Mg ha-' in 1994 (Table 4.1). Above ground biomass of

monocropped corn under free drainage response to N was similar to that of its grain

yield. Intercropping increased the mean total dry matter produced by 3.1 Mg ha-' and

2.7 Mg ha" in 1993 and 1994, respectively, compared with the monocrop system.

In both years, water table depths did not affect corn grain yield, intercrop

biomass, or total dry matter production. This lack of effect may have been due to the
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small differences in water table depths during this study.

For treatments that received N fertilizer, grain yields were 14% higher in

1994, than in 1993 (Table 4.1). The differences between the two years may have been

due to better corn emergence, resulting in greater grain yield in 199~. than in 1993.

Below normal precipitation during the 1994 growing season resulted in high grain yield

but low intercrop dry matter production, in particu1ar a lawer ryegrass biomass. This

suggested that ryegrass growth may exhibit a greater response ta sail moisture than

corn.

4.4.2. Nirrogen uptake

In general, treatment effects on N accumulation in monocrop corn, intercropped

corn and total aboveground caver (ryegrass plus weeds) were similar ta those observed

for cam grain, stover, intercrop biolnass or total dry matter biomass (corn plus

ryegrass plus weeds) (Table 4.2). A linear response for grain, stover and N uptake of

monocropped corn ta added N in 1993 suggested that N uptake was limited by

fertilizer N up to 270 kg N ha'l. In 1994, the quadratic response of these variables

(except stayer) ta N fertilizer addition indicated that dry conditions that year Iimited

grain yield potential at the high N rate.

Grain N ranged from 77.6 to 138.6 kg ha- ' in 1993 and 42.1 to L44.0 kg ha- ' in

1994. Neither water table depth nor cropping system affected corn grain N uptake.

The same lack of effect of water table depth on monocropped grain N uptake was also

noted by Chaudhary et al. (1975). The intercropping system resulted in less N (15 %)

in corn stover than in the monocropping system (P=O.06) in 1993. In contrast. corn

grain N uptake was higher in the intercropping system than the monocropping system.

This suggests that assimilated N was more efticiently translocated to the corn grain

from the vegetative plant parts under competition pressure from other plant species.

The higher ryegrass biomass (1.4 Mg ha· l
) in 1993 than L994 resulted in 41.3

kg N ha- l more N accumulation in the ryegrass in L993 than 1994. This suggests that

the establishment of ryegrass after weed senescence approximately one month before

harvest greatly increased N utilization by ryegrass. The lower N uptake by ryegrass in
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1994 than 1993 was consistent with dry matter production. These observations

demonstrated that increased intercrop growth increased N conservation.

In 1993, ryegrass and weeds comprised 19 % and 8 %, respectively. of the total

aboveground N uptake in the intercropping treatments. Weeds dominated the ryegrass

in 1994, and comprised 85 % on a dry weight basis of the total weed-ryegrass mixture.

At harvest, intercropping systems had taken up 77.:' and 50.7 kg N ha- ' more. than the

monocrop systems in 1993 and 1994, respectively. These results show that the

intercropping of corn with annual ryegrass is an effective practice to remove N that

would otherwise be left in the sail after corn is harvested.

4.4.3. iVirrogen use efficiency

Cropping system affected the fertilizer N recovery (FNR) of corn grain and

stover. On average, monocrop corn recovered 29.1 and 19.7% of applied fertilizer N

in grain and stover, respectively (Table 4.3). Intercropping effects on FNR varied

between the two years. In 1993, monocrop corn recovery values were 40 and 30 %

greater than that of intercrop corn grain and stover utilization. respectively. while in

1994 monocrop corn recovered 60 and 43 % more. than intercrop corn for grain and

stover, respectively. The difference in FNR between the cropping systems was

expected since other plant species (ryegrass plus weeds) competed for the same

nutrients in the intercropping system. The between year variations in the recovery of

applied N fertilizer in the cropping systems were probably the result of soil moisture

stress (see Fig 3.1 in chapter 3) and relatively higher accumulated residual soil N

during the 1994 growing season. This indicated that environmental factors (eg. sail

moisture) or N in the soil can be limiting to FNR.

Total aboveground FNR values were not affected by cropping system. This

indicated that the com-annual ryegrass intercrop. and monocrop corn had similar

abilities to absorb the applied N fertilizer. The FNR values for cropping system did

not follow the total N uptake of the plants. This result indicated that the increased total

N uptake by the intercropping system was due ta its high efficiency in absorbing bath

applied N fertilizer and mineralized organic sail N. Free drainage resulted in 16%
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higher FNR values for staver chan water table contraIs in 1993. This resuh may have

been due ta the higher denitritication in the water table control treatments than that of

free drainage.

4.5. Conclusions

Intercropping corn with annual ryegrass is an effective method for conserving

sail N under conditions of high fertilizer N application. Intercropping caused no

reduction in corn grain yield if adequate nutrients and sail water were supplied. Later

establishment of annual ryegrass (one month before corn harvest) not only reduced

interspecific plant competition for available nutrients and sail moisture in the early

season, but also allowed recovery of residual sail N03"-N lare in the growing seasan.

Fertilizer N recovery (FNR) was increased in the monocrop corn relative ta intercrop

corn. Intercropping had a substantially higher N use efficiency not only in applied N

fertilizer but also the N realised from the soil by mineralization. Environmental factors

such as sail moisture can limit the performance of the intercropping system. Water

table depth had less effect on the development of corn and N uptake from the soil.
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Table 4.1. Wate:r table: depths. cropping system and N fertilize:r rates combination c:lT~cts ,ln Jry mattèr

production in 1993 and 1994.

Treatments Stover Grain

1993

Ryegrass Weeds Totalt Stovcr Grain

199~ .-••.•.-.•.•--•..-------

Ryegrass W~c:ds Total

Mg ha i --------_._-----------_..... ~

FMNo 6.1 5.7 11.8 ~.3 ~.o 8.~

FMN 110 8.9 7.8 16.7 8.1 9.1 17.1

FMN:7Q 9.4 8.0 17.4 8.6 8.9 176

FIN!1Q 8.1 8.0 1.8 1.6 19.6 8.6 9.9 OA 1.9 20.7

S~N!1Q 8.8 8.1 16.9 8.1 9.1 173

S~N!70 8.9 8.2 1.7 t .3 ~O.l 7.-4 8.7 0.3 2.3 18.6

SsoMNr,o 8.9 8. t 17.0 7.6 8.5 160

S,oIN!70 9.6 8.5 1.9 1.2 21.1 7.7 9.6 0.5 19 196

Contrast;

N rates L L L L Q Q

Cropping Systems

Intercropping vs monocropping

NS NS '" NS NS

Water Table Depths

- NS NS NS NS NS 0.06 NS NS ~s ~S

t total dry matter in the: monocrop syste:m=com grain+stovc.::r. in the inte:rcrop systc.::m= .:om tgr:lin .... ~t" ...crl -
ryegrass + weeds; t Orthogonal polynomial c:ontrast signific:ant at P< 0.05 (*). or not 'i1gndicant ;lt 0 1 lr:v.:!

(NS); L = lin~r contrast significant. Q = quadratic contrasts significant.

­...
"~
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Table 4.2. Wat~r table: dc:pths. ~ropping syst~m. and N f~rtiliz~r ntc: combination dr~L:ts -m I.:rnp N

uptake in 1993 and 1994.-
1993 1994 --------------------------

Treatments Stovc:r Grain RYl;gnss Weeds Tou1 t Stovc:r Grain Ryc:grass \\\:c:ds TlHal

----- kg ha 1 ---------------------------------------------.-

FMNQ ·e.7 77.6 120.3 L8.4 42.1 60.6

FMN,IO 82.1 124.4 106.5 53.7 L15.5 179 ~

FMN!'l) 90.9 L25.8 116.7 66.3 131.1 1974

FINn\) 69.4 L31.8 56.0 27.9 185.0 66.0 14.0 10.5 355 ~55.9

S~1Nn\) 79.4 131.0 210.5 61.0 L35.7 196.8

S.,JN:7Q 73.2 129.1 53.2 23.1 278.6 55.1 L13.0 8.5 46 ~327

S~\1N:70 85.8 130.7 216.5 65.2 124.8 1896

S,oIN:7Q 83.4 138.6 49.6 21.7 293.4 55.8 134.6 15.7 35 '.l 2423

Contrast~

N ntes

L L L L Q Q

Cropping Systems

Intercropping vs monocropping

0.06 NS NS N5

Water Table: DeJ'llhs

NS NS NS N5 NS NS N5 NS NS NS

t tou1 nitrogen uptakc: in the monocrop system=com grain+stûver. in the intc:rcrol' sy~tc:m= ..:orn Igr.lIll- .. lIJvcrl

+ ryegrass + wc:eds: :i: Orthogonal polynomial contr3st signilicant at P < 0.05 (-). or 11l1t signifi..:ant :lt 0 1 k:vt:l

(NS); L = Linar contr3st significant. Q = quadratic contrasts significant.
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Tabl~ 4.3. Watèf tablè dèpths. cropping systèm and N fèrtilizèr ratè comhtnallon dfèCts

on fèrtilizer nitrcgèn r~ov~ry (FNR) in 1993 and 1994.

--------------- 1993 -------------- -------------------- 1994 -------------------

Tr~tmènts Stovèr Grain intèrcropt Totalt't Stovèr Grain mtèrcrop Total

--------------------------------------------------- 9é --------------.... ------------------ ------ -----

FMN:7Q 21.3 26.8 ..J8.1 10.5 21.8 32.3

FIN:-m 17.8 26.9 20.7 65.4 8.3 15.1 7.5 30.8

S~N:-m 17.8 30.6 ~8.4 11.2 27.2 38,4

S.,JN:1O 14.3 17.7 18.4 50.4 8.8 16.0 9.0 33.8

SsoMN:':'O 19.9 29.9 ~9.9 L2.8 23,4 17.6

SsoIN:1O 13.5 17.8 13.9 ..JS.2 6.9 L3.8 6.9 17.6

Contrasti

Cropping SvstèffiS

Intercropping vs monocropping

* 0.06 NS * * ~S

Water Tahle Dèpths

Free drainage vs watèr tahle controls

* NS NS NS ~S NS ~S ~S

t intercrop= ryegrass +weèds; tt total FNR =monocrop systèm (corn grain "rstOVèr) plus mtèrcrnp

system (corn grain + stover + rYègrass + weeus); +Orthogonal polynomial çontrast slgnat"icant at P <

0.05 (*), or not significant at O. 1 lève[ (NS).
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Preface to Chapter 5

Chapter 5 is comprised of materials contained in a manuscript by myselL my

supervisor Dr. D.L. Smith and three other co-authors, Dr. A.F. MacKenzie. Dr.

C.A. Madramootoo, and Dr. 1.W Kaluli, submitted to the Journal of Environmenrai

Qualiry for publication in 1997. The format has been changed ta be consistent within

this thesis. AlI literature cited in this chapter is listed in the reference section at the

end of this thesis. Each table or figure is presented at the end of this chapter.

Following demonstration of the effects of cropping systems and controlled

drainage on corn grain yield. aboveground dry matter production, N uptake and

fertilizer N use eftïciency in chapter 4. the soil N accumulation and distribution in the

top 1 m of the soil profile in the spring and faH of this two-year study, as affected by

the cropping system and controlled drainage, are addressed in this chapter.
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Chapter 5

Water Table Control and Intercropping ta ~IinimizeSail N03--N Accumulation

and Leaching Under Corn. II. Soil N03"-N Distribution and Accumulation

5.1. Abstract

Soil N03--N that remains in the soil after crop harvest or produced as a result of

mineralization is susceptible to leaching during the late fall and the following early

spring, and therefore is a potential groundwater contaminant. A two-year study was

conducted to assess sail N03--N distribution and accumulation in the top 1 m of the soil

profile of a Soulanges fine sandy loam soil (tïne, silty, rnixed nonacid, frigid Typic

Humaquept). The experiment tested two factors, cropping system [monocrop corn

(Zea mays L.), and corn intercropped with annual Italian ryegrass (Lolium mu/rijlnrum

Lam.)] and three water table contraIs (free drainage, or controlled drainage via

subirrigation to establish water table depths at 70 and 80 cm from the sail surface)

combined in a factorial design. The resulting six treatrnents were fertilized annually

with 270 kg N ha- l
. The effects of adding N fertilizer on NOJ--N in the sail protile

were also investigated under rnonocrop corn with free drainage. Sail cores of 1 !TI in

depth were collected in spring and fall of 1993 and 1994. Intercropping reduced the

amount of NO]--N in the top 1 m of the sail protïle by 47% (92.3 kg N ha-I) at harvest

time, in 1993. Water table depth had no effect on total soil N03--N accumulation in

the top 1 m soil profile in the fall of 1993 and 1994. Free drainage enhanced NO,--N

movement deeper into the soil and leaching losses over the winter season.

Accumulation of NO]--N increased as fertilizer N levels increased in the monocrop

system with free drainage, especially when N rates exceeded 180 kg N ha-! _ Leaching

of sail NO]--N was detected in deeper soiIs with the highest N rate, and conventional

free drainage. Above normal precipitation during the 1993-1994 win ter season may

have promoted leaching.

5.2. Introduction

The potential for NO)--N pollution of groundwater increases significantly when

N is applied in excess of crop requirements for corn (Roth and Fox. 1990) and other
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field crops (eg. Ayoub et af.. 1995). Nitrogen remaining in the soil protïle foIIowing

corn harvest is susceptible to leaching during late fall and the following spring

(Chichester, 1977; Liang and MacKenzie, 1991). Nitrogen fertilizer rate, cropping

system, water movement. and soil sampling time (1okela and Randall, 1989:

Macdonald er al.. 1989; Rochester et al.. 1991; Liang and MacKenzie. 1994b) have

been reported to directly affect the amount of N03--N accumulation in the soil protïle_

A study by Liang and MacKenzie (1994b) found that a large amount of N fertilizer

applied at rates higher than 170 kg N ha"1 remained in the root zone as NOJ--N at the

time of corn harvest, but little NO]"-N was detected in the soil protile after three years

of corn production at 170 or 400 kg N ha- ' . They concluded that leaching played a

very important raie in sail NO]--N 10ss from corn production systems. Liang and

MacKenzie (1994b) also reported that NO]--N changes in the soil protïle over winter

were greater with increased precipitation during the winter and with high NO~--N in the

soil the previous faU.

Grass species have been found to be very effective in conserving faU N when

used as winter cover crops (Groffman et al.. 1987: Meisinger er al., 1991: Shipley er

al. J 1992). Scott er al. (l987) demonstrated that annual ryegrass can be successfully

used as an intercrop in the continuous production of corn in the northeastern United

States. They reported that annual ryegrass produced 56% ground cover if interseeded

when corn was 0.30 m high. The high dry matter production by annual ryegrass in an

intercrop system aids in the utilization of sail N during the corn growing season (see

chapter 4). Bergstrom (1986) found that annual ryegrass interseeded with barley

(Hordeum vu/gare L.) reduced with minerai N content in the top 1 m of the sail protïle

by 23 kg N ha-' compared to plots without an intercrop.

The potential use of water table control to reduce soil NO]--N has been

documented by other researchers (Evans et al.. 1989; Steenovoorden, 1989: Kalita and

Kanwar, 1993; Madramootoo et al.. 1993). Chaudhary et al. (1975) suggested (hat a

water table depth of 0.60 to 0.90 m was desirable for corn growth. However. shallow

water table depth (0.2-0.3 m) reduced corn growth due to poor soil aeration and
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restricted rooting volumes (Kalita and Kanwar, 1993). Denitrification is desirable

when it occurs below the root zone because it reduces N03--N leaching to ground water

(Meek et al.. 1970). Raising the water table by controlled drainage may increase both

denitrification and crop N uptake (Steevnoorden, 1989). At the same time high soil

moisture can slow the nitrification process, hence reducing soil NO,--N in drainage

water (Meek et al.. 1970).

There is no available information regarding the combination of corn

intercropped with annual ryegrass and controlled water tables on soil N03*-N

distribution and accumulation after corn harvest, and during the non-growing (over

winter) season. Therefore. the objectives of this study were i) to evaluate the effect of

a com-annual ltalian ryegrass intercrop system with water table contraIs via

subirrigation on N03"-N accumulation and distribution in the top 1 m of the soil protïle.

and ii) to determine the effect of N rates on soil N03--N accumulation and leaching

lasses of monocrop corn plots under free drainage, supplied with three levels of N

fertilizer.

5.3. ~Iaterials and l\-Iethods

The instrumented field research facility was constructed on a 4.2 ha tïeld in

Soulanges County. Québec (Tait et al.. 1995). The soil type is a Soulanges tÏne sandy

[oam (fine, silty, rnixed nonacid, frigid Typic Humaquept). The surface sail

characteristics are given in (Table 5.1). The study was conducted during the 1993 and

1994 seasons. Two cropping systems [monocrop corn (Zea mays L.) and corn

intercropped with annual Italian ryegrass (Lolium mu/tijlorum Lam. cv. Barmultra)] and

three water table controls (conventional, free outlet drainage. or water table depths

maintained at 70 and 80 cm below the sail surface via subirrigation) were combined in

a factorial fashion. Plots of the resulting six treatments were fertilized annually with

270 kg N ha-1
• In this study, water table via subirrigation could be maintained only at

70 and 80 cm for expected water table depths of 50 and 75 cm. respectively. The

water table depth for conventional, free drainage was measured at 1 m in both years.

In addition, to assess the effect of fertilizer N rate, one free drainage monocropped
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corn plot was not fertilized in each block and another received 180 kg N ha- ' .

Therefore, a total of eight treatments was used in this study. The treatments were

arranged in a randomized complete black design with three blocks.

5.3.1. Soil Sampling and Analyses

Soils were sampled to a depth of 1 m. prior to addition of N fertilizer in the

spring, and shortly after harvesting in the faIl of 1993 and 1994. Three sub-soil

samples were taken randomly within each plot using hydraulically-inserted aluminum

sampling tubes. Each soil column was cut into four sections representing depths of 0­

20, 20-50, 50-75, and 75-loo cm. Representative soil samples were taken from each

section. The three sub-soil samples from the same depths were rnixed thoroughly,

and stored in a cold room prior ta extraction for NOf-N and NH.. ·-N.

Nitrate-N and NH-l+-N were extracted using a l M KCI solutiono

Approxirnately 15 g of fresh soil sample were shaken in 100 mL of 1 LVI KCI solution

for about 60 minutes. The resulting suspensions were filtered and the tiltrates

analyzed using an autoanalyzer (Lachat Instruments, Quik Chem @AE, Milwaukee.

WI, USA). Moisture contents were also determined for each depth and plot. Sail

NOJo-N and NH-l+-N accumulation in kg ha- l were calculated for each sample. using

soil total NO]--N and NH~+-N concentrations, and sail bulk densities (Table 5. 1) from

representative sail profile samples. The differences in NOf-N values between spring

1994 and fall 1993 were considered as changes in NOJo-N over winter.

5.3.2. Sratisrical Analysis of Resu/rs

Results were analyzed by analysis of variance using the SAS PROC GLM

(General Linear Madel) procedure (SAS, 1985) and single degree of freedom

contrasts. Orthogonal contrasts were used to test the effects of the cropping system

and the water table control at the applied N rate of 270 kg ha-1
• Monocropped corn

under conventional drainage at the applied N rate of 0, 180 and 270 N kg ha- l were

used ta detect the effects of fertilizer N rate. The response of soil NOJ--N at the

different sampling times to applied N fertilizer rates were subjected to a regression

analysis.
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5.4. Results and Discussion

Averaged over the two years, the exchangeable NH~·-N was less than 10% of

total inorganic N at every soil depth in the soil protïle. Therefore. exchangeable

NH.. + -N is not discussed in this paper.

5.4.1. Effects ofcropping sySTem and water fable control

Intercropping decreased total soil N accumulation in the top 1 In of the soil

protïle in the fall of 1993, while there was no effect of cropping systen in the fall of

1994 (Table 5.2 and Fig 5. L). The total amount of NO]·-N in the top 1 m of the soil

profile in the faIl of 1993 was reduced by 47% due to intercropping. This meant an

average reduction of total 92.3 kg N ha-1 in the top of 1 m the sail protïle after corn

was harvested over aIl water table depths. The reduction in soil N01--N levels after

harvest due to intercropping indicates that increased N uptake by intercropping resulted

in less residual sail N (see chapter 4). Poor early ryegrass establishment and drier

weather conditions in 1994 (than in 1993) resulted in lower ryegrass biomass

accumulation in that year. Therefore, the ability of the ryegrass ta aid in the llptake of

N03--N from soil in 1994 was limited by both plant establishment and weather

conditions.

The effects of cropping system and water table controls on soil NOJ"-N

distributions in each of the two years varied. Averaged over water table depths.

decreases in N residues due to intercropping ranged from 8 to 36.1 kg N ha-' depending

on sampling depths in the faH of 1993 (Fig 5.1). However, use of monocropping in

the faIl of 1993 resulted in a substantial accumulation of soil NOJ--N under the deeper

water table (80 cm) in the 20-50 cm soil layer after corn harvest, while intercropping

resulted in the least N03'-N accumulation. This could have led to the interaction

between cropping system and water table controls (P < 0.1) (Table 5.2). In the fall of

1994, treatments with water table control accumulated an average of 8.5 kg N ha-[ less

soil N03·-N than the free drainage treatments at a soil depth of 50-75 cm CP < 0.1).

In the faIl of 1994, monocrop corn with the water table depth of 70 cm led to the least

soil N03·-N accumulation, while intercropping under free drainage resulted in the most
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accumulation in the 20-50 cm sail layer. This caused an interaction of cropping system

and water table contraIs (Table 5.2 and Fig 5.l).

Changes in soil NO]--N concentration between the faH of 1993 and the spring of

1994 were varied. In general, total soil NO]--N in the top l m of the soil protile in the

spring of 1994 was remarkably lower than NO)--N levels measured in the previous fall

(Fig S.l). The losses ranged from l7 to 99 kg N ha-le Reductions in NO)--N

accumulation could have been a result of leaching losses and/or denitritication since

precipitation was high (606 mm) between fall crop harvest and the following spring soil

sampling. Liang and MacKenzie (1994b) concluded that changes in soil NO,--N (0-80

cm) over winter were a function of tàll NO]--N levels and winter precipitation. Their

study showed 40 kg N ha-1 to he the threshold level for NO]--N loss when winter

precipitation was 432 mm. In our study, the estimated changes in NO]--N over winter

were much higher than the threshold level estimated by Liang and rvlacKenzie (1994b)

(data not shown). This suggests that leaching losses over winter may be responsible for

the observed reductions in soil NO]--N by the following spring. rvIost intercropping

treatments showed soil NO]·-N reductions by the following spring, compared with the

previous fall. The above normal precipitation or immobilization may have been

responsible for the losses.

Compared with the water table control treatments, the free drainage treatments

in the spring of 1994 had lO.7 kg N ha-( less N03--N accumulation in the 20 to 50 cm

soillayer. The 40% increase in NO]--N accumulation in deeper soil layers under free

drainage indicated that increasing water table depth enhanced NO]--N movement deeper

into the sail and early spring leaching lasses. Kaluli (l996) also found that the free

drainage treatments had the highest NOJ--N concentrations in drainage water.

Intercropping with conventional, free-outlet drainage resulted in the least soil NO,--N

carryover in the spring of 1994, while monocropping increased the soil N03'-N content

in the below 50 cm soil layer. This caused a cropping system by water table depth

interaction (Table 5.2). The lower N03--N carryover under intercropped corn with free

drainage were probably due to immobilization or residual effect of intercropping from
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the previous faH.

5.4.2. Effecr ofapplied N fertilizer rares

During the two year study period. addition of N fertilizer linearly increased the

amount of N03°-N at each depth for monocropping corn with conventional free-outlet

drainage, except in the 75 cm to 1 m soil layer in the tàll 1993. the 20 to 50 cm soil

layer in the spring of 1994, and 20 to 50 cm sail layer in the fall of 1994 (Table 5.2

and Fig 5.2). This N rate effect in the faH of 1994 was only signiticant at 0.1 level.

These results suggest that conventionai monocrop corn production with free drainage

and added N fertilizer rates above the ISO kg N ha- ' resulted in high soil N residues in

the faIl. The potential for high soil N residues present in the fall to leach out of the

root zone is high during the non-growing season. if precipitation (between crop harvest

and the following spring) was above average (Liang and MacKenzie. 1994b).

Over the two years, most NOJo-N in the faH accumulated between 0 and 50 cm

for both applied N rates (Fig 5.2). This N accounted for 73 % of total NO,'-N

accumulation in the top 1 m of the sail protile in 1993 and 47% in the faH of 1994.

Compared with the spring of L993, the increases in NOJo-N in the deeper portion of the

soil profile in the faH of 1993 for plots where N fertilizer had been applied. showed

that leaching had occurred during the growing season. In the fall of 1994. soil NO~--N

levels in the top 1 m of the soil profile varied from 3.6 ta 43.7 kg N ha- l
• but the

vaIues were lower in the spring of 1994. Leaching lasses during the 1994 growing

season were less pronounced due to the relatively dry conditions (see Fig 3.1 in chapter

3). The lower NOJo-N value in the faH of L994 could have been due to plant N uptake.

denitrification or immobilization.

Total N03·-N accumulations in the top 1 m of the soil protile, averaged over aIl

N treatments~ were 79.3, 126.0, 102.0 and 61.0 kg N ha-( for the spring of 1993. faIl

of 1993, spring of 1994 and faH of 1994, respectively. The following linear regression

equations describe the total NOJ·-N accumulation in the top L m of the soil protïle as

the function of applied N fertilizer rates, for the three sampling times: Y(=63.3 +

0.42N1 (R2=O.66"); Y2=46.5 + 0.37N1 (R2 =0.45"); Y]=2S.6 + 0.22N2 (R2=O.41.
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P< 0.1). Where, Nt represents fertilizer N rates in spring of 1993. and N~ the N

fertilizer rates in spring of 1994. Yt• Y1 and Y3 represent the total amount of soil NO}­

-N in the top 1 m of the sail protile in faIl of 1993, the spring of 1994 and the faIl of

1994, respectively. Based on the regression models, total soil N03"-N accumulation

decreased with time. The increased NH~-N in the spring and fall of 1994 could explain

the low NO]--N in the soil profile (data not shown). In faIl of 1994. the correlation

between applied N and soil NO]--N was weaker than in the fall of 1993. Weather

conditions were drier in 1994 than 1993. and this may account for the 10wer correlation

observed in 1994.

Residual fertilizer N in the faH of 1993 had no effect on NO,--N content in the

top soillayer (0-20 cm) in the spring of 1994 (Table 5.2). Residual N in the top 1 m

of the sail protile in the spring of 1994 was 20% less than the residual N in the

previous fall. The decrease in NO)--N at a soil depth of 50 cm and the increase in NO,­

-N at the 75 cm soil depth in the spring of 1994 indicated downward movement of soil

N03--N. We found that the greatest NO]--N loss occurred when the highest N rate was

applied. Liang and MacKenzie (1994) found high potential for over winter NO,"-N

leaching when soil NO]"-N residues were high the previous fall. Leaching of soil NO,-­

N during the winter could have accounted for the observed decrease in soil NO..--N. In

the faH of 1994, sail N was less in plots that received 180 kg N ha- I than those that

received 270 kg N ha"l. probably as the result of lower N inputs. Based on this

observation the recommended N rate (180 kg N ha-') may have minimized ground

water contamination through leaching for monocropped corn under conventiona1

drainage.

Liang and MacKenzie (1994b) found that sail N03--N accumulated between 0 to

60 cm in the soil protile when N fertilizer was applied at levels above the

recommended for the area: 170 kg N ha-te We found that large amounts of N had

accumulated in the top layer (0-20 cm) (Fig 5.2) in the faIl, especiaIly when applied N

exceeded the crop demande Similar results have been reported in previous work by

Liang and MacKenzie (1994b). The NO]--N accumulation in the top 1 In of the sail
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profile was highly correlated with NO]"-N in the 0-20 cm soil layer (R2fa111q~H=0.91
0

.,

R2
(.u1l994 =0.97--). The mean soit NOJ--N level across aIl N treatments was 33 and ~5 %

of the total NOJ"-N in the top 1 m of the soil in the autumn of 1993 and 1994.

respectively. These results show that surtàce NO]--N accumulation may be a good

indicator of total N accumulation in the top 1 m of the soil profile. [t therefore appears

that NO]'-N leaching in the following spring can be minimized by decreasing N01'-N

levels in the top 0-20 cm of the sail protïle in the previous fall.

S.S. Conclusions

[n this study, we found that intercropping corn with annual ryegrass was an

effective method for conserving residual sail N under conditions of excessive fertilizer

N application, especially when environmental conditions were favourable ta ryegrass

development. Water table control had no effect on total soil NOJ'-N accumulation in

the top 1 fi of the soil profile in the tàll of 1993 or 1994. Free drainage enhanced

N03"-N movement deeper into the sail, and as a result enhanced leaching lasses over

the winter season. Conventional corn production (monocrop and free drainage) with

the addition of N fertilizer in excess of the recommended N rate contributed greatly to

leaching losses in the following spring. Top soil (0-20 cm) NOJ'-N level could be llsed

as an indicator for total NOJ--N accumulation and in estimating the potential for NOJ'-N

leaching. We aIso found that leaching lasses were high if winter precipitation levels

were high and free drainage was used.
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Table 5.1. Soil characteristics of the experimental tield.

-i

Total N, Mg ha- l

Organic matter

pH

Saturated hydraulic conductivity, m day-l

Bulk density (g/cm3
)

0-0.25 (cm)

0.25-0.50 (cm)

0.50-1.00 (cm)

4.5

50 g kg- l

6.6

O. 1-11

1.6

1.6

1.5
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Fig 5.1. Effect of cropping system and water table depth on distribution of soil N01"-N in the
top 1 m of the soil profile.
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Fig 5.2. Effect of three applied N rates on distribution of soil N03--N in the top l m of
the soil protile.
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Preface to Chapter 6

Chapter 6 is comprised of materials contained in a manuscript by myself. my

supervisor Dr. D.L Smith and four other co-authors, Mr. S. Leibovitch. Dr. A.F.

MacKenzie~ Dr. C.A. Madramootoo and Dr. P. Dutilleul, submitted ta the Agronomy

Journal for publication in 1997. The fonnat has been changed to be consistent within this

thesis. Allliterature cited in this chapter is listed in the reference section at the end of this

thesis. Each table or figure is presented at the end of this chapter.

The previous three chapters addressed how crop N uptake. fertilizer N use

efficiency and soil profile N contents responded to cropping systems and controlled

drainage. Chapter 6 deals with reducing the cast of enriched 15N used in tïe1d studies

through the use of confined microplots.
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Chapter 6

Variability in lSN Uptake of Corn Plants in Confined l\-licroplots Under A

Controlled Drainage and Intercropping Management System

6.1. Abstract

Increasing concerns about groundwater pollution caused by excessive N

fertilizer application in agricultural systems has led ta an emphasis on increasing

fenilizer N use efficiency. The 15N tracer technique is a usefui way ta detect the fate

of applied fertilizer N. However, the high cost of labeled N fertilizer places practical

limitations on such work. The objective of this study was to assess microplot

dimensions required to produce reliable 15N data under a regime of monocropped corn

(Zeas mays L.) and corn intercropped with annual Italian ryegrass (Lofium l11ulr[/lnrum

Lam.) and water table contrais via subirrigation. An experiment was conducted for

two years on a fine, silty, mixed, nonacid and frigid Typic Humaquept soil. Labelled

N fertilizer was applied in the microplots at 270 kg N ha-l, the same rate as unlabeled

N fertilizer was applied in the remainder of the plots. Corn plants inside the contined

microplots were sampled at 0.2, 0.4 and 0.6 m from the end borders of microplots_

Monocropping increased % 15N enrichment in corn leaves, stalks and total dry matter in

1993 relative to intercropped corn, while no cropping system effect was found in 1994.

Water table depths did not affect plant N fertilizer accumulation in either year. Plants

within microplots were similar in size to plants fertilized with un Iabeled N fertilizer

outside the microplots. There was no difference in % 15N enrichlnent for plants

harvested at three sampling positions. These results suggest that a contïned microplot

with an area as small as 0.4 m by 1.15 m could provide a reliable measure of fertilizer

N recovery for corn plants.

6.2. Introduction

The use of isotopically labeled N to trace the fate of applied N fertilizer has

become increasingly important in field studies. The extent to which excessive N

fertilizer application causes groundwater pollution in agricultural systems is of

particular interest. The stable isotope 15N provides a safe and effective tool for
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quantifying fertilizer N in N-uptake studies. Nitrogen-15 can be used to distinguish

between fertilizer N and indigenous N, providing a meaningful way to measure both

the total amount of fertilizer N utilized by the crop and fertilizer N 10ss during crop

production, a major concem to both environmental and agronomie researchers (Khanif

et al., 1984; Reddy and Reddy, (993).

Because of the high cost of labeled N fertilizer, it is desirable to reduce the

amount of labe1ed N fertilizer required for field studies. Studies to determine suitable

microplot dimensions have been canducted for bath confined and uncontïned

microplats. Studies examining uncontined microplots are prima,,·ily concerned with

microplot dimensions and microplot sampling to reduce [SN dilution. Oison (1980)

demonstrated that accurate values for plant N uptake could be obtained by sampling the

three center row plants of 2.13 m by 2.14 m in uncontïned corn microplots. Jokela

and Randall (1987) evaluated the maximum acceptable corn plant sampling area in a

1.52 m by 2.29 m uncontïned microplot with uniform N fertilizer application and 0.76

m row spacing. They found that reasonable 15N recovery From microplots could be

obtained if plants were sampled From the center row at least 0.38 m from the edge of

the microplots. Sanchez et al. (1987) banded N fertilizer on the soil surface in the

spring and faIl, and modeled the lateral movement of N at various positions in or near

the microplot. They proposed that a 2 m by 2 m uncontïned microplot provided a

reliable measure of ISN recovery. Stumpe et al. (1989) suggested that plants which

were at least 0.50 m From the border of a 15N microplot provided reliable data without

concem as to the method of N fertilizer application. These studies on uncontïned

microplots confirmed that they provided reliable N recovery data for N uptake studies.

However, unconfined microplots still required an application of labeled N fertilizer in

a much larger region surrounding the smaller central portion where samples may be

reliably taken.

Confined microplots use barriers placed in the soil to delineate them (Malhi and

Nyborg, 1983; Power and Legg, 1984) and eliminate problems with lateral movement

of labeledl N (Ma et al., 1995 __ ). The major advantage in using confined 15N
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microplots in tïeld research is that they can prevent diffusion and mass tlow of l'Î N

from inside ta outside of the microplot area and the similar movement of un labeled N

from outside to inside (Carter et al., 1967; Malhi and Nyborg. 1983: Power and Legg.

1984).

The objective of the present study was to assess microplot dimensions required

to produce reliable lSN data under corn monocropping and intercropping (with annual

ryegrass) systems with water tables controlled via subirrigation used to contrast the

level of % lSN atom enrichment in three sampling groups of corn plants within contined

microplots.

6.3. Materials and ~Iethods

As the objectives of this study relate ta N uptake by corn, we will not discuss

the ryegrass component of the intercrop system in this paper.

6.3.1. Field methods

The study was conducted during the 1993 and 1994 growing seasons in

Soulanges County, Québec, Canada. The tïeld had been used for corn production for

at least two years prior to the experiment. The soil was a Soulanges very tïne sandy

loam (fine, silty, mixed, nonacid, frigid Typic Humaquept). The tïeld slope was

approximately 0.5 %. The surface soil characteristics were pH 6.6. sail total N 4..5 Mg

ha·1
, and organic matter 50 g kg-l.

The study reported here is part of a larger experiment consisting of (Wo

cropping systems (monocrop corn and a corn-annual ryegrass intercrop), and three

water table contrais via subirrigation (conventional. free-outlet subsurface drainage and

twa controlled drainage systems with water tables at 0.70 and 0.80 m below the sail

surface). A complete description of the water table research facility can be found in

Tait el al. (1995). The design of this experiment was organized in a randomized

complete block with three blocks.

Each treatment plot was 75 m by 15 m. In both years, 141 kg K ha- I as K1Q

was applied prior to planting. In order to apply N fertilizer at an annual rate of 270 kg

N ha-l, each plot received 47 kg N ha- l ,52 kg P ha-! as 18-46-0 (N-P-K) at planting
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and 223 kg N ha-' as NHJ N03 two weeks after planting. Corn hybrid Pioneer 3921

was planted in the last week of May 1993 and 1994. [n both years. annual [talian

ryegrass (Lotium mu/rij7orw11 Lam. CV. Barmaltra) was seeded one week after the corn

in intercropping treatments.

[n both years, monocrop corn plots were treated with -Lü L ha- ' atrazine (:2­

chloro-4-ethylamino-6-isopropylamino-l ,3,5 triazine). Herbicide was not applied to

intercropped treatments in 1993. In 1994, however, 2.25 L Basagran (bentazon) ha- '

(3-( I-methylethyl)-( 1H)-2, 1,3-benzothiadiazin-4(3H)-one 2,2-dioxide) was applied to

control broad leaf weeds in the tÏeld. Ragweed (Ambrosia arrenlisiifolia L.) was the

most frequent weed in the intercropping plots in 1993, while barnyard grass

(Echinochloa crusga//i L.) was the major weed in 1994.

Precipitation data were collected from a nearby weather station (0.5 km from

the experimental site). The monthly precipitation for 1993, 1994, and 2ü-year average

cao be found in Fig 3. 1 (see chapter 3).

[n arder to trace the fate of applied fertil izer N, 'SN microplots were estab lished

in aIl plots of two blocks in bath years. Before the fertilizer N application in 1993. (Wo

locations on opposite sides of each plot were chosen randomly in tïve middle of rows

for establishment of 'SN microplots for the 1993 and 1994 growing seasons (Fig 6. 1.

A). At each location a 2.25 m by 3 m area was marked before N fertilizer was

applied. These unfertilized areas were used to prevent any un labeled N fertilizer from

being applied ta the areas which were later used for ISN microplots. After placement of

microplots, the rest of the surrounding area was evenly fertilized with NH~N03 (34-0­

0) by hand at the same rate as main plots. The areas marked (2.25 m by 3 m) in 1993

for placement of the 1994 'SN microplots were remarked in 1994 to avoid application

of any unlabeled N fertilizer in 1994. After the corn emerged, a 1. 15 m by L m area

within the remarked area was selected for the ISN microplot. The microplot area was

chosen based on evenness of corn emergence. A rigid plastic barrier, 20 cm in height.

was placed into the soii around the perimeter of the microplots by using a square edged

spade to eut a slot in the soil and then hammering the plastic barrier into the sior. The
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plastic barriers extended 1 cm above the soil surface. Disturbance of the soil within the

microplots was minimal. A solution of 15NH415NO, at 5 % 15N excess was applied in

the microplots at the same rate of N fertilization (270 kg N ha-1) as was received by the

plot in which they were located on 17 June 1993 and 16 June 1994. The solution

containing 5 % 15N excess was sprayed to the microplot surface areas using a watering

can with a sprinkler head. In order to move N ferrilizer below the suil surface and

evenly distribute the lSN throughout the microplot. an additional 2 L of water were

added immediately after the IsN solution.

6.3.2. Plant sampling and analyses

At the same time as the main plots were harvested (the second week of October

in both years), tïve plants within each microplot were harvested. These were retained

in three separate groups based on their positions within the microplots. Two corn

plants 20 cm from each end of the microplot formed one group (group 3). Two corn

plants adjacent to the plants at the end of the microplot (i.e. 40 cm from the end of the

microplot) formed group 2. Finally 1 the plant 60 cm from either end of the microplot.

the center plants, constituted group [. Tillering of sorne plants within the microplots

occurred in 1994, probably due to the higher temperatures just after planting and wet

conditions in June (see Fig 3.1 in chapter 3) of that year. The details of sampling

positions are presented in Fig 6.1 (B).

Harvested corn plants were eut at ground level and divided into ears (grain).

leaves, and stalks, weighed, air dried (70 :C) to a constant weight, weighed again and

ground with a Wiley mill titted with a 1 mm screen. Total N was determined using

Kjeldahl analysis (Tecator, Kjeltec System 20. Box 70. 5-26301 Hôganas, Sweden).

Plant tissue samples (approximately 0.5 g) were digested at 420 C in 12 mL of

concentrated H2S0~ containing 6.8 g of catalyst (3.5 g K2S04 per 3.5 mg Se) for 90

min. Digested samples were then distilled and titrated with 0.05 M Hel for total N

determination. The titrated solutions were subsequently aciditïed and used for l:iN

analysis. To avoid sample cross contamination during the steam-distillation process,

the distillation unit was tlushed with distilled water for three minutes between samples.
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A volume of Kjeldahl distillate solution calculated to contain approximately 7 J,4g of N

was placed into a 15 cm length glass tube (6 mm. a.d.). Ali samples were oven dried

at 90 "Co A catalyst (CuO) and a drying agent (CaO) were added to the glass tubes and

the tubes were sealed under vacuum. and baked in an oven at 500 C for 4 ta 6 hours.

ta oxidize the NH3 ta N2 gas. The % 15N atam enrichment in the salnples were

determined by emission spectroscopy using a JASCO N-150 15N analyzer (1 ASCO.

LTD, Tokyo, Japan). The details of the sample drying process and the determination

of % lSN atom enrichment followed standard methods (Preston er al.. 1981: t\-Iartin er

al., 1991).

6.3.3. Srarisrical analyses

For a given variable. the three resulting values (one for each position)

canstituted repeated measures for each microplot. Repeated measures arise whenever

the same characteristic or variable of interest is measured on more than one occasion.

in time or in space, on the same observational unit, in this case, the micraplat: thus

they extend the case of paired observations. As a result, twa classical assumptions

underlying ANGY A (Analysis of Variance) are likely ta be violated by repeated

measures data; the independence of adjacent samples and homoscedasticity

(hamogeneity of variance) (SakaI and Rohlf, (995). MANDYA, a multivariate version

af ANOV A, and a madified univariate versian based on a moditied F test were

developed to overcame this type of prablem (Littel, 1989; Crowder and Hand. 1990)

and applied here.

We used the Greenhouse and Geisser (1959) correctian factor in a moditied

ANOYA (as recommended far cases like ours; Crowder and Hand. 1990). The

repeated measures ANOVA was performed using the GLM procedure of SAS and

included the statements MANOVA and REPEATED (SAS institute [nc., 1985).

We discuss the main effect of cropping system and water table depth over

sampling positions using the P-values from standard ANDYA. In the statistical

analysis for sampling position, we found that the two procedures, the multivariate

analysis based on Wilks' Lambda, and the modified univariate pracedure using the
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Greenhouse-Geisser adjustment. agreed and concluded that effects of sampling position

and its interactions with cropping system and water table controls on dry matter

production and % 15N atom enrichment in the l11icroplots were not signitïcant.

Therefore. we examined the effects of sampling positions and its interaction with

cropping system and water table controis using the probability value adjusted by the

Greenhouse-Geisser epsilon.

6.4. Results and Discussion

6.4.1. Dry matter producrion

Grain yield was not affected by cropping system in either year (Table 6. 1).

Compared with intercropping, monocropping resulted in an increase in leaf. stalk and

total dry matter production of 22, 41, and 30%. respectively. in 1993 within microplots

(Fig 6.2), while in 1994 no effect of cropping system was found (Table 6. 1 and Fig

6.2). The reduction of total dry matter production in 1993 for the intercropped corn

can be attributed to the decreased Ieaf and stalk biomasse In July 1994, rainfall was 43

mm below normal (see Fig 3.1 in chapter 3) which could be responsible for the 34 %

reduction of plant dry matter production within microplots compared with the 1993

growing season. In both years, there were no water table depth or water table depth by

cropping system interaction effects on grain yield or dry matter production in the

microplots.

Sampling positions (adjusted Greenhouse-Geisser probability in Table 6.2) did

not affect corn grain yield. stalk mass, or total dry matter production in either year.

Leaf dry matter production was influenced by sampling position in 1993, but there was

not enough difference to affect the total aboveground dry matter production of corn

plants within the sampling positions (Fig 6.2). These results indicate that whole plant

growth parameters were similar at different sampling positions within the contïned

microplots. Average dry matter production values for plants within the microplots

were 280.4 and 209.7 g planr' for 1993 and 1994, respectively, while the average dry

matter production for plants outside the microplots were 224.8 and 267.3 g planr' in

1993 and 1994, respectively. For each year. the within microplot and outside-
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microplot values were not statistically different from each other. These results

supported the view that plant growth in contïned microplots was similar to plant growth

in the rest of the plot.

6.4.2. Arom % 15LVenrichmenr

Averaged across sampling positions and treatment factors. the % ':iN

enrichments for grain, leaf, and stalk tissues were 2.8[,3.08, and 2.92. respectively in

1993; in 1994, the same parameters were 2.2 L 2.59, and 2.30, respectively (Fig 6.3).

Cropping system affected lSN accumulation in the grain, stalks and whole plants in both

years, while no effect on the % 'SN atom enrichment occurred for leaf tissue.

Compared with intercropped corn, the % '5N atoln enrichment in monocropped corn

was consistently higher for both years (Table 6.2 and Fig 6.3), regardless of plant parts

or sampling position. The % '5N enrichment in monocropped were 19 and 34 % higher

than intercropped corn over two years. This higher 'SN accumulation in the

monocropped corn plants was expected as there were no other plants to compete for N

fertilizer in the monocrop system. During the two years of this study, no effect of the

water table depths was observed on the % 'SN atom enrichment for ail plant parts or

total dry matter accumulation (Table 6.2). The lack of effect of water table controis

may have been due to the small difference in water table depths.

In both years, sampling position (adjusted Greenhouse-Geisser values) had no

effect on the atom % 'SN enrichment of corn grain. leaf and stalk samples (Table 6.2

and Fig 6.3). This suggested that the 'SN content of the plants at different sampling

positions in the microplots was not affected by the unlabeled N from outside the

microplots, probably because the barriers prevented the lateral exchange of I:iN labeled

fertilizer inside the microplot and un labeled N fertilizer outside the microplot. This

result is consistent with the tindings of Ma er al. (1995 ), who slIggested that their 0.25

m deep frame (microplot plastic boundary) was eftïcient in preventing lateral

movement of ISN in the upper root zone when they tested a single 'SN labeled plant in

a 0.76 m by 0.23 m microplot. Since we found that the % '5N atom enrichment of the

total plant sample was simiiar at the three sampling positions (Fig 6.3), we conclllded
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that the microplot area of corn for ISN work could be reduced to 1.15 m by O.~ m for

corn plants grown in rows 0.76 m apart. We did not observe any difference in % (jN

atom enrichment of plants growing near the edge of the contïned lTIicroplot border and

those growing in the center of the rnicroplot (Fig 6.3). Follett er al. (l99l) found that

the highest enrichment often occurred for the central plants within uncontÏned

microplots. [n addition, the lowest enrichment was found near the edge of unconfined

microplots by Stumpe et al. (l989). Sanchez et al. (1987) studied lateral movement of

labeled N fertilizer in uncontined microplots, and found that the isotopic composition

of corn grain declined rapidly near the edge of the rnicroplot. The even distribution of

% lSN atom enrichment at the three sampling positions measured in our study may have

been due ta: i) the establishment of a plastic border around the microplot which would

have greatly reduced the possibility for the laterai exchange of labeled and un labeled

N between the soil outside and inside of microplots~ and ii) careflll and even application

of 'SN solution in the microplots, which should minimize the microplot size.

We observed consistently greater data variability in 1994 than in 1993 (data not

shawn). Furthermore, % l5N atom enrichment values were lower in 1994 than in 1993

(Fig 6.3). A possible cause of this lower 15N enrichment in 1994 \\"as the graduai

accumulation of free soil N03·-N. largely as l.lNO]. due to changes in N fertilization

practices. Prior to the establishment of the experimental site, the tield was used for

commercial corn production and received N fertilizer at approximately 180 kg N ha-'

year-1
• Starting in the spring of 1993, we added 270 kg N ha-( yea(l. as per Liang and

MacKenzie (1994a). We would expect, and our data also demonstrated. that the

application of 270 kg N ha- l resulted in fall soil residual NO]--N values at a depth of 0

to 50 cm higher than 180 kg N ha· l
. The faIl 1993 values were 130.4 versus 102.4 kg

N ha- l in the spring 1993. Compared with spring soil N03'-N in 1993. the soil NO,-N

in spring 1994 was approximately twice as high (36.4 vs 62.9 kg N ha-I) due to the

cumulative N level resulting from soil residual N plus applied fertilizer N.

6.5. Conclusions

This study demonstrated the advantages of small contined microplots for 15N
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tracer studies under tïeld conditions. A single plant in the center of a sampling area

l.15 m by 0.4 m lSN microplot can supply a reliable estimation of I~N recovery by corn

plants. The % l5N enrichment and plant growth were greatly intluenced by the

cropping system and environ mental conditions.
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Table 6.1. Probability values of analysis of variance and moditled univariate of
[SN corn plant dry matter production within [SN microplots under cropping
system, water table controis and sampling ISN plant positions.

Year SourcèS Grain L~avès Stalks Total

ANOVAt adjusted* ANOVA adjustt:cJ ANOVA adjustèd ANOVA acJjustèd
Pr > F G-G PI" > F G-G Pr > F G-G Pr > F G·G

1993 Cropping 0.14 0.03 0.01 0.02
systems (C)

Water table 0.47 0.8 0.47 0.59
controls
(W)

CXW 0.72 0.91 0.75 0.98

Sampling 0.34 0.03 0.84 0.83
positions
(P)

CXP 0.54 OA6 0.67 0.98

W X P OAI 0.59 0.82 0.70

CXWX P 0.63 0.50 0.64 0.70

1994 Cropping 0.77 0.96 0.36 0.95
systems (C)

Water table 0.37 0.34 0.05 0.21
controls
(W)

CXW 0.28 0.99 0.66 0.38

Sampling 0.67 0.95 0.60 0.98
positions
(P)

CXP 0.58 0.46 0.88 0.6l

W X p 0.73 0.97 0.75 0.9l

CXW X P - 0.63 0.95 0.59 0.82

t Probability of the analysis of variance.:;: Probability value adjusted by the Grt:t:nhouse-Gèlssèr
epsilon.
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Table 6.2. Probability values of analysis of variance and moditied univariate of
% lSN atom enrichment of corn plants under cropping system, water table
contraIs and sampling plant positions.

Var Sources Grain Leaves Stalks Total

ANOVAt adJusted; ANOVA adjust~d ANGVA adjusted ANGV A adjusteJ
Pr > F G-G Pr > F G-G Pr > F G-G Pr > F G-G

1993 cropping 0.01 0.21 0.02 0.02
systems (C)

Water tanle 0.35 0.73 0.15 0.37
controls
(W)

CXW 0.26 0.3 0.31 0.25

Sampling 0.5 0.76 0.70 0.89
positions
(P)

CXP 0.35 0.28 0.50 0.83

W X P 0.79 0.58 0.13 0.2~

CXW X P 0.48 0.19 0.56 0.31

.. 1994 Cropping 0.02 0.14 0.04 0.05
systems (C)

Water table 0.60 0.37 0.46 0.46
controls
(W)

CXW 0.64 0.61 0.57 0.63

Sampling 0.67 0.32 0.75 0.6~

positions
(P)

CXP 0.19 0.32 0.93 OAO

WXP 0.34 0.47 0.38 0.31

CXW X P 0.34 0.29 0.53 0.14

t Probability of the analysis of variance.+Probability value adjusted by the Gr~enhousè-Geiss~r

epsilon.
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Fig 6.1. Field layout: the position of enriched 15N microplots within the large plot (A)

and the location of plants sampled at various positions in the l:iN microplots (8). { x

indicates the sampled corn plants, 1 stands for sampling group (plant sampled in the

center of the l:iN microplot, 0.6 m away from the end of the l:'N ll1icroploL)~ 2 indicates

sampling group 2 (plants sampled about 0.4 m away from the end of the ':iN microplot:

3 indicates sampling group 3 (plants sampled about 0.2 m away from the end of the l:iN

microplot)} .
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Fig 6.2. The effects of cropping system and sampling positions on dry matter

production of corn plants in the 'SN microplots. (Vertical bars represent standard errors

of the mean with N=6; AVG represents the mean over the three sampling positions).
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Fig 6.3. The effects of cropping system and sampling positions on % 15N atom

enrichment of corn plants in the 15N microplots. (Vertical bars represent standard errors

of the mean with N =6; Ava represents the means over the three sampling positions).
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Preface ta Chapter 7

Chapter 7 is comprised of materials contained in a manuscript by myself and my

supervisor Dr. D. L. Smith published in the Crop Science Journal in 1996. The format

has been changed to he consistent within this thesis. AlI literature cited in this chapter

is listed in the reference section at the end of this thesis. Each table or figure is

presented at the end of this chapter.

In the last four chapters, we described crop dry matter accumulation and

partitioning and N utilization in corn intercrop and monocrop systems as affected by

water table management. We found that the monocrop corn grain yield response to

applied N rates may have been the result of moisture stress rather than a fully exploited

yield potential at the highest N rate. In addition, the competition for water in the

intercrop system could become more severe when drier weather occurred. Thus. it is

desirable to study aspects of corn plant physiology t potentially affected by water stress

and N nutrition. To do this, we described and tested a technique for delivery of

potential metabolic effectors into corn plants. The development of this system is the

subject of this chapter.
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Chapter 7

A New Technique for Continuous Injection into Stems

of Field-Grown Coro Plants

7.1. Abstract

Chronic addition of nutrients, metabolites. growth regulators. or toxins to intact

plants is a useful way ta study numerous aspects of plant physiology. However.

continuous delivery of large amounts of test solutions into plant tissues has been

difficult. Stem infusion methods have proven less destructive and more effecti 'le than

other methods, such as leaf and root feeding, for supplying nutrients and other

materials ta developing plants. Infusion into solid-stemmed plants has been limited by

its short delivery period and the damage that it causes at the delivery site. A tïeld

experiment was conducted to evaluate a new technique for supplying sucrose solution

or water to corn (Zea mays L.) stems. This injection technique delivered pressurized

solutions or water through syringe needles sealed to the stem with latex. The pressure

was applied to the syringe plunger with ceramic construction bricks. Solutions

containing sucrase at 0, 150, and 300 g L- I were injected over a 32 day injection

period. The average solution uptake rate was 5. 1 mL day-' plant- ' . Distilled \\/ater v.:as

more easily delivered than sucrose solutions. No difference in uptake rates were

observed between 150 and 300 g L- I sucrose solutions. The tested injection system

involves a simple, efficient and inexpensive method that is easily llsed in the tïeld or

greenhouse.

7.2. Introduction

The traditional methods of supplying nutrient compounds to corn plants are

through roots and leaves (Rendig and Crawford. 1985; Tomar er al.. 1988). However.

in biochemical pathway or physiological studies. the small amounts supplied and the

short durations of supplY may be inappropriate. Previously reported methods for stem

infusion can supplY small quantities of these substances ta plants without the sometimes

erratic uptake experienced with spraying, leaf abrasion or sail application.

Stem infusion has proved to be less destructive and more effective than leaf
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feeding for supplying nutrients directly ta crop plants for brief periods. Brown and

Neish (1954) successfully injected radioactive campounds into the hallow internodes of

wheat (Triricum aesrivum L.). Grabau el al. (1986) used a novel infus~on technique to

intraduce the amine acid methionine into intact soybean (Glycine max (L.) Merr.)

stems during seed development. This increased the methionine content in the resulting

seeds. In soybean, infusion of a small amount of baron into the stems resulted in an

84.8% increase in the number of lateraI pods and a 17.6% increase in seed \veight

(Schon and Blevins, 1987). Infusion/perfusion techniques have also been developed for

longer term delivery of materials into plant stem cavities. Using a stem perfusion tech­

nique to deliver nitrogen into the hollow stems of intact barley (Hordeum \-'u/gare L.)

plants, Ma and Smith (1992) were able to increase the nitrogen concentration in barley

grains by up to 40% and total grain N per spike by 25 %. relative ta non-perfused or

distilled water-perfused contraIs. This perfusion technique delivered a steady suppl y of

30 mM N into the peduncle cavity over a period of 3 ta 4 weeks (anthesis ta

physiological maturity).

At present, the major obstacle to long term stem infusion of corn is the limited

volume of solution that can be delivered and the duration of infusion. Boyle et al.

e1991a) develo?ed an infusion technique to deliver agar-free kernel culture medium

into artificial cavities made by removing tissue from the stems of corn plants. This

method allawed delivery of large solution volumes. but anly for a few days at a single

infusion site. They concluded that the daily rate for infusion inta corn plants \vas

limited by the composition of the fluid infused, the number of infusion sites. and the

duration of infusion at a given site. In their study, the average infused volume per corn

plant at a single infusion site was 85 mL over a tive day period. The highest uptake

volume occurred on the tirst day, followed by a much lawer llptake on the second day.

and almost na uptake by the fifth day. By using sequential infusion sites, Boyle el al.

(1991a) increased the total cumulative volumes of infusian, but still the duration of

infusion for each infusion site was limited to tive days and, since this technique

involves removing several mL of tissue for each injection site, there would have been
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substantial stem damage over time. Ma et al. (1994a) moditied Sovle's infusion

method, but again found that the greatest rate of infusion was during the first 24 hours.

after which it declined sharply t reaching zero by 48 to 72 h. In our own preli minary

testing (data not shawn), we found that the method of Boyle et al. (1991a) generally

caused the death of plant tissue at the infusion sites. Tissue death and wound response

at the site of tissue removal are probably the causes of limited solution uptake after the

first few days (Ma et al., 1994a). Corn stem infusion has been tested both under

greenhouse conditions (Boyle et al., 1991a) and tield conditions (rvta et al.. 1994a). but

the infusion uptake rate was limited to a short periad irrespective of nUr.1ber of infusion

sites.

The development of a stem infusion method causing minimal tissue damage and

suitable for longer periods of study would be beneticial for crop physiological research.

We chose sucrose as the infusion solution, as it is the most important form of assimilate

translocated throughout most plants (Setter and Meller, 1984). Therefore, this study

was designed to develop a stem injection technique for corn plants which could

continuously supply sucros~ and water over a period of weeks ta l110nths under field

conditions.

7.3. ~Iaterials and ~Iethods

7.3./. Field Conditions

The experimental site was located at the Horticulture Research Station of the

Macdonald Campus of McGill University, Québec in the summer of 1993. The

experimental plots were established on St. Bernard (tine loamy. mixed. nonacid. frigid.

typic Eutrochrept) sail. During the previous year the tield was used for vegetable and

sweet corn production. Each plot was 4.5 m x 2 ln with six rows of corn plants. Corn

hybrid Pioneer 3921 was hand seeded at 60000 plants ha-' in rows 0.75 m apart and

with 0.20 m between plants within rows. Corn was sown on 22 May and harvested on

4 Oetober, 1993. Before planting, the plots were fertilized with 40 kg ha-' N-P~05-K20

(5-20-20), according to a sail test. The plants received only rainwater during the

growing season. Weeding was done by hand and no herbicides were applied during the
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growing season.

Since N fertilizer status cao affect overall plant growth and thus the injection

uptake rate, fertilizer N level was included as an experimental factor. Ammonium

nitrate was applied at 0 or 270 kg N ha- I at seeding. The experiment was arranged as a

split-plot factorial with three replicates. Soil N fertility rate was the main-plot factor.

and injection concentration of sucrase the sub-plot factor. Three sucrase concentrations

(O, 150 and 300 g LoI) were injected into corn plants starting on 18 August. 1993.

Distilled water-injected and non-injected plants were included as cantrols.

7.3.2. Stem Injection Methodology

7.3.2.1. The Injection System:

A 1.2-m length of tlexible plastic tubing (i.d. 0.8. o.d. 2A mm) (Tygon.

Norton Co., Akron, OH, USA) was attached ta a 21-gauge standard disposable

hypodermic needle (Becton Dickinson, Rutherford, NJ. U.S. A) with the plastic portion

removed. Silicon sealant (GE Silicones Canada. Pickering, ON. Canada) was used ta

seal the tubing ta the needle. An 18-gauge hypodermic needle was inserted into the

ather end of this tubing and masking tape was wrapped around the connection site ta

form a cup, which was filled with latex (Vultex, General Latex Canada, Candiac. QC.

Canada) to seal this needle to the plastic tubing. The latex was allawed ta dry

completely (about 5 days) before this needle-tubing system was applied ta corn plants

in the tïeld.

To supply a consistent volume of injected solution, several bricks

(approximately 2.7 kg each) were used ta produce pressure ta force the solution into

the plant stem. The bricks used were standard (22.5 X 8.5 X 7 cm) ceramic three hole

construction type. Two 2.4-metre (2 cm o.d.) steel pipes were used to support the

bricks. Plywood sheets were eut ta the same surface dimensions as the bricks. and

three hales were drilled in each piece of plywoad. The two outside hales in the

plywaod were large enough to pass the pipe thraugh and the middle hale was slightly

larger than the outside diameter of a 60-mL syringe barrel. Two pipes were hammered

iota the field beside each corn plant ta be injected. The distance between the pipes was
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such that they tit into the two outside holes of the bricks. A cut plywood sheet was put

over the pipes and supported at the desired height by hose clamps placed on the pipes.

This arrangement is illustrated in Fig 7.1.

Ali injected solutions were autoclaved for thirty minutes and placed in sterile

syringes before they were taken to the field. A 750 ml LoI ethanol solution was sprayed

on the injection site to surface sterilize the stem around it before the needle was

inserted.

7.3.2.2. Injection:

Two rows of corn plants in each plot were randomly chosen for injection

treatments. Two injection points were prepared: one on the internode below the ear

(tirst injection internode) and one on the internode above the ear (second injection

internode) so that the syringe reservoir could be switched ta the alternate injection point

in case of leakage or blockage. During the experiment. most injections were conducted

entirely on the tïrst injection intemode. The 21-gauge needle connected to the end of

the needle-tubing system described above was inserted downward inta a corn internode

at approximately a 60-degree angle to the stem and to a depth of approximately 1.5 cm.

The site of injection was approximately 5 cm belaw the ear node. To protect the

injection site from damage by wind or leakage. and to seal the needle to the stem.

masking tape was wrapped around the needle such that it formed a cup against the

stem. This cup was tïlled with latex. which was allowed to dry for several days. The

open upper plastic portions of the 18 gauge needles were covered by the masking until

ready for use. At 15 days after silking (early grain filling). a syringe was til1ed with

60 mL of sucrose solution or distilled water and placed through the middle hole of the

plywood. The syringe was then connected to the 18-gauge needle of the needle-tubing

system. Bricks were placed on the pipe supports with their weight resting upon a small

piece of plywood which was placed on top of each syringe plunger. Given the weight

per brick (2.7 kg) and diameter of the opening of the 21 gauge needle (0.5mm). the

calculated pressure of the solution above it entered the plant would have been 1644 M

Pa per brick. When injection into a plant was started, bricks were added until the
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solution' s meniscus in the tubing reached the injection site. At the beginning of

injection, each treatment required the use of 1 to 3 bricks in arder for the solution's

meniscus to reach the injection site. After a few days, if there was no apparent tlow

of solution, more bricks were added. The totai number of bricks applied ranged from

3 to 12 (approximately 33 kg). Given that the internaI diameter of the 21-gauge

needle inserted into corn stem was 0.5 mm, and the tlow rate (severa! ml day'l) was

low enough to make frictional effects negligible, the pressure would have been

approximately 1644 M Pa at the site of injection.

After injection was initiated, the system was examined daily ta make sure that

no bubbles appeared in the tubing. Whenever leakage occurred, the injection site was

immediately moved to the adjacent injection internode, which was either above or

below the initial injection internode, but not at the same internode. This precaution

was taken because we observed that the pressure added to the injected internode will

cause tluid to drip out of the tube connected to the back up injection site if it is placed

on the same internode. A minimum of six plants was used for each treatment. When

the solution in the syringe was exhausted, the syringe was replaced by a new syringe

filled with the same solution. In order to limit air entry into the injection tube. the

Iuer-Iock of the new syringe was tïlled with liquid by slightly depressing the syringe

plunger after the syringe was placed on the plywood support. The decrease in the

syringe barrel volume was recorded daily to monitor solution uptake by the plants.

Injection continued for 32 days, which extended to a few days beyond plant

physiological maturity.

7.3.3. DaIa Analysis

The data were analyzed with the PROe GLM procedure of the SAS package

(SAS Institute, L985), according to Steel and Torrie (1980). Differences between

individual means were tested with a GL~I analysis protected Least Significant

Difference (LSD) test. Due to the lack of any detectable fertilizer effect on the

injection rate, the data analysis was based on the variable means pooled over fertilizer

N rates .
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7.4. Results and Discussion

7.4.1. Rate of injection

In general, this experiment showed that injection under continuous pressure was

minimally destructive, and couId deliver concentrated sucrose or water solutions into

corn stems for long periods under tleld conditions. The average cumulative injection

volume over ail treatments was 163 mL (5.1 mL daf') (Fig 7.2). We did not observe

tissue necrosis at the injection site during this work.

The injection period lasted 32 days (Fig 7.2). Uptake effectively ceased a few

days before the end of the injection period, even though additional weight (bricks) had

been added in an attempt to maintain the injection rate. This cessation of llptake was

abrupt (Fig 7.2) and occurred a few days before the plants reached physiological

maturity, as determined by the black layer method (Daynard and Duncan. (969). The

solution uptake for plants injected with sucrose treatments declined to 0 mL about 4

days earlier than that of plants which received only distilled water. As the cessation of

uptake coincided with physiological maturity, it may have been callsed by the

decreasing plant metabolism at this stage, or rapid production of senescence related

tissue, such as the caHus like deposition in abscision layers. leading to tinal complete

blockage of the injection sites.

The daily per plant injection rates were quite varied dllring the 32 day injection

period. The variability in injection rate for any treatment during the tirst tifteen days

of the injection period was less than that of the last tifteen-days. The variability in

dai1y rate was greater for distilled water than the sucrose sol utions dllring the last 15

days. The most rapid uptake of the 300 g L- I sucrose solution occurred on the 19th day

while for the distilled water treatment peaks occurred on the 17th. 25th, and 29th days.

These injection peaks were due to one or two individual plants which had brief periods

of abnormally high uptake. We did not observe any leakage at those times.

The studies of Boyle el al. (1991a) and tvla el al. (1994a) showed a rapid

decline in infused volume during the tirst five days. We observed a similar pattern for

our 300 g L· i sucrose treatment. This was overcome by additional of more bricks on

107



. ;

•

~
-;i

. ~.:.:-:...

day tïve. For the distilled 'ovater and the [Sa g L- I sucrose treatments solution uptake

varied gradually, declining or increasing from day to day. By the tifth day, uptake

volumes for the ISO g L· l sucrase solutions had reached a minimum, although uptake

had not stopped completely while the uptake of distilled water solution reached a

maximum on the tifth day of injection. The declining sucrase solution uptake may

indicate that injection with sucrose solutions stimulated caHus or ty[oses as part of a

wound response production and that sorne of the injected carbohydrate was used to

produce these structures. Using l''C infused sucrose into sorghum (Sorghllln bie%r

(L.) Moench) by the method of Boyle et al. (199Ia), Tarpley el al. (1994) suggested

that sorne infused l''C near the infusion point could be incorporated into wound

response structures as insoluble compounds such as cellulose or lignine Boyle el al.

(1991a) and ~fa et al. (l994a) reported that the infusion rate for their artiticial cavity

system reached zero 48 to 72 hours after infusion began. rvla et al. (1994a)

concluded that cessation of solution intake was probably due to the plants' response to

wounding. Previously reported results for other infusion methods (Boyle el al. ,

1991a; Ma et al.. 1994a) and the results reported here may indicate that by the 5th

day the plant had made a reasonably complete reaction to the injection wound. After

the 5th day, the uptake volume of our two sucrase solutions was increased due to the

addition of more bricks, which increased the pressure on the injected solutions. After

this the rate of solution uptake remained reasonably constant, except for occasional

brief surges in individual plants.

Converting the injection volume into grarns of added sucrose, average total

sucrose uptake values were 17.7 and 40.9 g for the ISO and 300 g L -1 solutions,

respectively. The method of Boyle et al. (199Ib), infusion of approximately 3 g

sucrase into corn stems as a 150 g L- I solution, at a single infusion site, and by using

five infusion sites the authors were able to infused approximately 15 g sucrose per

plant. Ma et al. (l994a) aiso infused 13.5 g and 21.6 g sucrose per corn plant for the

150 and 300 g L -1 solutions using a modification of Boyle's method (Boyle et al.,

1991a). In an experiment conducted by us with the same hybrid and at the same time
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and near the experiment reported here, corn plants were sampled for total dry matter at

the early grain tïlling stage and at maturity, which corresponded to the beginn ing and

end of the injection period in the experiment reported here. In that experiment the dry

matter gained during the lime equivalent to the injection period was 140 g planr l
.

Based on that weight gain we injected sucrose. in this study. equivalent to

approximately 30% of the dry matter gain during the injection period. which

corresponded to the period of most active grain tilling.

Transpiration rate was measured with a Li-Cor 6200 Portable Photosynthesis

Measurement Systems (Lincoln, NE, U.S.A) between 10:00 and 16:00h and at ~4 and

48 hours after injection commenced and once a week thereafter. Transpiration rate was

not affected by the solution injected and showed no relationship CO the amount of

solution caken up (data not shown). This agrees with the observations of Foroutan-pour

et al. (1995) who found that the uptake rate of stem-perfused barley plants was very

similar under field conditions to rates of uptake reported by Ma and Smith ( 1992) under

greenhouse conditions, in spite of the greater vapour pressure deticits and light

intensities Iikely to have been present under tield conditions.

7.4.2. Effecr of injecrion concenrrarions

Solution concentrations affected the injection rates and total volumes. Plants

injected with sucrase took up an average of .+ mL day·I, while those injected with

distilled water took up 7.2 mL day-l. The average total volume of injected distilled

water was approximately 100 mL greater than that of the sucrose treatments. rvla er al.

(1994a) reported 30 mL more distilled water chan sucrase solution taken up per plant

by corn. These results differed from those of Boyle er al. (1991a). who found distilled

water and culture medium ta he taken up in similar volumes by corn plants. Variability

during the course of the injection period was also higher for the distilled water

treatment than for the sucrase solutions (Fig 7.2). This is in agreement with the

findings of Boyle et al. (1991 a). The total injected volumes were not different between

the 150 and 300 g L- I sucrase concentrations (Fig 7.3). A similar result was also noted

by Ma et al. (1994a), who used a modification of the in fusion technique of Boyle er al.
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(1991a).

The continuous addition of bricks provided additional pressure which acted to

largely overcome developing blockages. When injection was initiated. we observed

that the number of bricks required to bring the meniscus to the injection point did not

differ among concentration treatments. After three or four days. the injection tluid of

all treatments showed a pattern of gradually decreasing uptake. which was reversed by

the addition of more bricks on day 5. In most cases. the maintenance of reasanable

flow rates required more bricks, usually two or three more, for the sucrase containing

solutions than distilled water. There are two factors that couId have contributed to the

higher pressure requirement for the sucrose solutions: i) plant response te wounding

may have occurred more rapidly when sucrose was injected as some of the injected

sucrose could have been used to facilitate the production of callus or tyloses since

sucrose is the main compound providing sugars for construction of the plant cell wall

(Ma et al. t 1994a), ii) the osmotic potential of the sucrose solutions is higher than that

of distilled water and sorne additional pressure will be required to overcome this

osmotic potential. Foroutan-pour et al. (1995) used a peduncle perfusion technique to

infuse distilled water. ethephon (l5 ~M) and nitrogen (15 and 30 mC\.'1) into barley

plants grown under field conditions. They observed that the slowest uptake rate

occurred for the plants perfused with the 30 mM nitrogen solution. while plants

perfused with distilled water had the most rapid solution uptake rate. They suggested

that the cause of the different solution uptake rates was differences in the osmotic

potentials.

In general, continuous injection of sucr03e can be accomplished under tield

conditions by employing this method. This is a simple, efticient and inexpensive

method that is easily used under tield conditions. The rate of injection depends on the

concentration of the injected solution and the pressure applied to those solutions.
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Fig 7. 1. System for continuous pressure injection of corn stems .
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Fig 7.2. Average daily uptake of injected solutions during a 32 day period.
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Fig 7.3. Effects of solution concentrations on accumulative injected volumes over a 32

day injection period.
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Preface ta Chapter 8

Chapter 8 is comprised of materials contained in a manuscript by myself. my

supervisor, Dr. D.L. Smith and other two co-authors, Dr. A.F. MacKenzie, and Dr.

C.A. Madramootoo, submitted to the Journal ofAgronomy and Crop Science for

publication in 1997. The format has been changed to be consistent within this thesis.

AlI literature cited in this chapter is listed in the reference section at the end of this

thesis. Each table or figure is presented at the end of this chapter.

In the chapter 7, we discussed solution uptake volumes as affected by the

concentrations of sucrase solutions added with a stem injection system. The

phatosynthesis and productivity of the corn plants as affected by exogenous supply

sucrase via a stem injection system, are the subject of in this chapter.
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Chapter 8

Effects of Stem-Injected Sucrase on Grain Production, Dry ~Iatter Distribution,

and Chlorophyll Fluorescence of Field-Grown Corn Plants

8.1. Abstract

A tïeld experiment was conducted ta evaluate the effect of long term

exogenous sucrose supply on aspects of corn plant physiology and develapment during

the grain tïlling periode Concentrated sucrase solution was supplied to corn (Zea

mays L.) stems by an injection technique. This injection technique delivered

pressurized solutions through syringe needles sealed to the stem with latex. The

pressure was applied to the syringe plunger with ceramic construction bricks.

Solutions containing sucrose at 0, 150, and 300 g L- I were injected over a 32-day

period encompassing the duration of the active grain tïlling periode The primary ears

of plants injected with sucrose produced approximately 55 % more kernels and 37%

more grain weight than those injected with distilled water. The injected internode

was also considerably heavier (49 %) for plants receiving sucrose than plants receiving

distilled water. For all measured variables, plants injected with distilled water were

either not different from or had larger values than the non-injected controis. After

one week, sucrose injection caused photosynthetic inhibition (as measured by

chlorophyll fluorescence) in the leaf j ust above the ear and the ear leaf. and this was

more severe for plants receiving 300 g sucrose L- I than for those receiving 150 g

sucrase L-I. For sucrose injected plants, the increased size of the primary ear was

concomitant with a large decrease in grain production by the secondary ear and an

overall decrease in per plant grain production. These results suggest that the

mechanisms for signalling between sinks (the primary and secandary ears) and the

primary sink and the source (leaves) are different.

8.2. Introduction

Sucrase, the major form of assimilate translocated in corn (Zea mays. L)

(Prioul et al.. 1990), is produced in the leaves (Pnoul et al., 1990) and translocated

to grain during the grain filling period. In the absence of environmental stress,

pathological conditions, or nutrient deficiency, cereal yield may be limited by the
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plant's ability to match assimilatory potential with sink capacity for optimal dry

matter accumulation in grain (Bingham, 1966). The factors having the largest effects

on corn yield are the number of kernels per plant. i.e. the number of available sinks,

and the rate and the duration of grain tïlling. Salvador (1984) found that the tïnal

number of corn kernels carried to physiological maturity is set two to three weeks

after silking. Limitation of carbohydrate supply during ear development can lead ta

reduced kernel set.

Previous stem infusion techniques have provided an effective way to supply

nutrients, growth regulators or small amounts of l~C sucrose directly to corn plants

for brief periods (Boyle et al.. 1991a; 1991 b: Ma et al.• 1994b: Tarpley et al.. 1994:

Zinselmeier el al., 1995). In corn plants the major impediment to corn stem infusion

work is the short duration of infusion. The stem infusion technique developed by

Boyle et al. (1991a) allowed delivery of large solution volumes. but for only a few

days, regardless of how many infusion sites were made. Ma er al. (l994a). using a

modification of the infusion method of Boyle er al. (l991a), aiso found that infusion

uptake by corn plants ceased after 48 to 72 hours for any single infusion site. They

concluded that infusion stopped due to a plant wounding response. Although multiple

infusion sites increased uptake volumes per plant when the method of Boyle et al.

(l991a) was used. the large number of infusion sites seems likely to cause a sertous

wounding response by infused corn plants. as each infusion site resulted in the

removal of severai mLs of stem tissue. Ta achieve minimal plant tissue damage

during corn stem infusion. Zhou and Smith (1996) developed a pressurized stem

injection system for field-grown corn plants. This technique bath minimizes

destructive damage at the injection site and makes for longer injection periods (weeks)

possible.

The present study was conducted to evaluate the effect of a long term

supplementation of sucrase supplY ta corn plants, in the form of continuously injected

sucrase, on aspects of plant development; and ta determine whether supplying

additional sucrase from early grain filling ta physiological maturity would positively
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affect grain production and alter aspects of corn plant physiology.

8.3. Materials and Methods

8.3. 1. Field conditions

The experiment was conducted on St. Bernard sail (tïne loamy, mixed.

nonacid, frigid, typic Eutrochrept) at the Horticulture Research Centre of the

Macdonald Campus of McGill University in 1993. Corn hybrid Pioneer 3921 was

hand seeded on 22 May. Rows were 4.5 m long. and were spaced 75 cm apart.

Plants were approximately 20 cm apart within rows. This resulted in a tïnal stand

density of 60,000 plants ha- I
.

During the previous year, the field had been used for vegetable and sweet corn

production. Before planting, plots were fertilized with 40 kg ha" N-P.zOs-K20 (5-20­

20) according to a soil test. Plants received ooly rainwater during the growing

season. Weeding was done by hand and no herbicides were applied.

Treatments consisted of three concentrations of injected sucrose: 0 (distilled

water), 150 and 300 g sucrase L- I
. Data were also collected on non-injected plants.

The distilled- water injected plants provided controls for the effects of sucrose

injection, while non-injected plants acted as overall controls for the injection process.

We initiated the stem injection treatments at two weeks after silking (early grain

filling). Silking was defined as the time when 80% of ail plants had ears with

exposed silks.

Since it seemed possible that sail N fertility could affect sink development. and

therefore the injection uptake rate, N fertilizer levels were aIso included as an

experimental factor. Ammonium nitrate was applied at 0 or 270 kg Nha" at seeding.

The experiment was arranged as a split-plot factorial with three blacks. Soil N

fertility rate was the main-plot factor, and injection treatments the sub-plot factor.

Chlorophyll fluorescence indirectly measures photosynthesis efficiency (Krause

and Weis, 1984). When a leaf has been in the dark for a few minutes and then is

illuminated, fluorescence rises quickly to an initial level (Fa). Due to the rapid

reduction of electron accepting QA (quinone-type acceptor) molecules, tluorescence

increases from Fa to a maximum (FnJ, and the difference between Fa and Fm is termed
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variable tluorescence (FJ. The variable tluorescence is highly sensitive to changes in

the ultrastructure of membranes and rates of electron transfer. Therefore, the

potentia! yield of the photochemical reactions can be expressed as F./Fm (Krause and

Weis, 1988), with a high FJFm indicating high photosynthesis efficiency. [n order to

evaluate the effect of a long term injection technique on the physiologica! aspects of

corn plants during grain filling, chlorophyll tluorescence was measured (CF- L000

Chlorophyll Fluorescence System, P.K. Morgan Instruments. Inc .. Andover. tvtA.

USA) on the leaves of injected and non-injected plants. Chlorophyll tluorescence

measurements took place between 10:00 and 16:00h and were taken the first day after

injection commenced and at weekly intervals thereafter. Measurements were taken on

the primary ear [eaf, the leaf just above the primary ear (ear+ [ leat), and the leaf

just below the primary ear (ear-[ Leat). Cuvettes were placed on the middle of the

leaves for la min before measurement. Chlorophyll tluorescence measurements on

ear+ l leaves were stopped at the second week after commencement of injection due

to the pre-mature senescence of these leaves (see Results and Discussion section

below).

Corn plants were harvested on 4 Dctober 1993. Harvested injected corn plants

and non-injected control plants were separated into ears (primary ear and secondary

ear), injected internodes (first and second injected intemodes, see Stem Injection

section below), ear leaf, ear+ 1 leat", ear-l leaf, and the stalk (including leaf sheaths

and the tassel). These plant parts were dried ta a constant weight at 70°C. The

number and weight of seeds per ear were measured and recorded.

8.3.2. Stem injection

Zhou and Smith (1996) described the stem injection method in detail. Briet1y,

a flexible plastic tubing (i.d. 0.8, o.d 2.4 mm) was connected to a 21-gauge standard

disposable hypodermic needle with the plastic portion removed. The needle was

sealed to the tubing with silicon sealant (GE Silicones Canada, Pickering, ON.

Canada). A 18-gauge hypodermic needle was inserted into the other end of this

tubing and masking tape was wrapped around the connection site to form a cup,

which was filled with latex to seaI the needle ta the plastic tubing.
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Severa! ceramic three-hole construction bricks (approximately 2.7 kg each)

were used to produce pressure to force the solution into the plant stem. Two steel

pipes (2 cm, o.d.) vertically positioned with an attached horizontally positioned

plywood sheet were used ta support the bricks. The plywood was tïxed at the desired

height by hose clamps placed on the pipes. Prior to the commencement of injection.

60-mL sterile syringes (Becton Dickinson fnc, NJ. U.S.A.) were tïlled with each test

solution and placed through the middle hale of the plywood. The syringe was then

connected to the 18-gauge needle of the needle-tubing system. The 2 L-gauge needle

connected to the needle-tubing system described above was inserted downwards into a

corn intemode (approximately 1.5 cm deep). Two injection points were established

on each selected plant: one on the internode below the ear (first injection internode)

and one on the internode above the ear (second injection intemode) 50 that the syringe

reservoir could be switched to the second injection point in case of leakage or

blockage of the first injection intemode. Most injections were conducted entirely at

the first injection intemode. The connection sites between injection point and corn

stem were warped to form a cup shape, and tïlled with latex (Vultex, General Latex

Canada, Candiac, Québec, Canada). The latex was allowed to dry for several days

before injection was started. At two weeks after silking (early grain filling), the test

solutions were supplied through the 21-gauge needle from the syringe reservoir. The

two outside hales of the bricks were matched to the pipes, and the weight of the

bricks rested on a small piece of square wood placed on the top of the syringe

plunger. The bricks provided approximately 1644 M Pa per brick of constant

pressure on the solution being fed into the plants.

Injection treatments were randomly assigned to 2-row plots in each main plot

of each black and were applied to one plant selected at random within each sub-plot.

A minimum of six plants were used for each treatment. The decrease in the syringe

barrel volume was recorded daily to monitor solution uptake by the plants. AlI

injected treatments were applied from 15 days after silking to a few days beyond

physiological maturity, which was detïned as the appearance of the black layer

(Daynard and Duncan, 1969).
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In order to prevent contamination, sterile test solutions were used; after every

feeding the unused solutions were stored at +4oC and were discarded if any

contamination was detected. When the solution in a syringe was exhausted. the

syringe was replaced by a new sterilized syringe tÏlled with the new solution.

8.3.3. DaTa analysis

The dry matter distribution and yield data were analyzed with the GLM

procedure of the SAS package (SAS [nc., 1985), following Steel and Tome (1980).

The F-ratio test for main treatment effects was redirected in accordance with the split­

plot experimental design (Steel and Torrie, 1980, p.380). Differences between

treatment means were associated with a protected Least Squares Difference (LSD)

test. In general, differences are reported at the P < 0.05 level.

An analysis of variance incorporating data from the three leaf positions (ear

leaf, ear-l Ieaf and ear+ 1 Ieat) and the tïrst two weeks after injection was performed

on the data of chlorophyll tluorescence measurement. The ANGVA procedure was

modified in order to take into account the patential heterogeneity of the variances and

lack of independence, over space (from position to position) and over time (from

week to week), of the spatio-temporal repeated measurements of chlorophyll

fluorescence made repeatedly on the same corn plants (Crowder and Hand. 1990:

Dutilleul, 1996). The model used for the modified univariate analysis of variance

was derived by adding the position and time effects plus aIl the interactions to the

terms of the usuaI ANGVA mode!. That analysis of variance was carried out using

the REPEATED statement of the GLM procedure (SAS [nc., 1985)

We did not find any effect of N application on the uptake volumes of injected

solutions, total plant dry weight, grain yield, and yield components (see next section)

of injected or non-injected corn plants in this study. The Jack of effect of applied N

rates may have been due to the relatively high nitrogen levels contained in the soils at

the site, which had previously been used for horticultural research. We found that the

total N accumulated in the non-injected plants was equivalent to 145 and 123 kg Nha­

1 for the 270 and 0 N kg ha- l treatments, respectively; these values were not different

(P ~ 0.05). Therefore, no main effect of the N fertilizer rates nor any interaction
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between the N fertilizer rates and injection concentrations are shown; the data were

pooled over the N fertilizer rates for statistical analysis. Similarly. the effects of the

N fertilizer rate were not signitïcant for changes in chlorophyll fluorescence of ear

leaves, ear-l leaves and ear+ 1 leaves during the first two weeks of injection. 50

chlorophyll fluorescence data were also pooled over N fertilizer rates before

performing the repeated measures ANOVA. The homogeneity of the variance among

N fertilizer rates was assessed prior pooling using Bartlett's test (Steel and Tome.

1980, p.471).

8.4. Results and Discussion

8.4.1. Dry marrer disrriburion

The injection period lasted 32 days (Zhou and Smith, 1996). The average

solution uptake rate was 4-7 mL day-I over aIl injection treatments (data not shown).

Plants injected with 150 g sucrose L- I received a total of 19 g of sucrase while those

injected with 300 g sucrose L-I received 38 g. The latter value was equal to about

30% of the total plant weight gain during the period of active grain tiii.

Sucrose injection increased the dry weight of the injected internodes by 2A g

(49%), compared with the distilled water injected trearment (Table 8.1). This

increase in injected internode dry weight may indicate a sink limitation in the

develaping primary ear, leading to stalk accumulation of sucrose (Hume and

Campbell, 1972) or a response of the plants to wounding, resulting in production of

insoluble compounds such as cellulose or lignin near the site where additional sucrase

was supplied (Tarpley et al., 1994). Injection of the 300 g sucrose L- I solution

decreased ear+ 1 leaf dry weight more than the other treatments (Table 8.1). Injected

sucrose caused premature leaf senescence near the primary ear (Fig 8.1) (see

discussion in the section on Chlorophyll Fluorescence and Leaf Colour below).

especially for ear+ l leaves. This was probably the reason for the decrease in the

ear+ l leaf dry weight.

There were no differences among injection treatments for the second injected

internode, total stalk, ear leaf, ear-l leaf, and total plant dry weights (Table 8.1).

Surprisingly, plants which received the distilled water treatment had the highest
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average leaf dry matter weight when compared with other injection treatments. The

cause of this higher leaf weight for plants injected with water is uncertain. but may be

related the apparent inhibition of photosynthetic activity in leaves near the injection

site (see Results and Discussion below). In generaI. there were no differences for dry

matter distributions and total dry matter weight between injected distilled water plants

and non-injected plants, except for total leaf weight.

8.4.2. Grain producTion

Significant injection effects on tinal grain weight per plant for injection

treatments were attributed to the development of the secondary ear. The highest grain

yield was for the plants injected with distilled water. which was 31 % higher on a per

plant basis, than the other injection treatments. This was mainly due to the weil

developed secondary ears of these cam plants. relative to other injection treatments.

Plants injected with 150 and 300 g sucrase L- I developed only the primary ear

(Table 8.2). The grain weight in primary ears of plants injected with sucrase was

37% greater than that of plants injected with distilled water. No differences in

primary ear grain weight occurred between the two sucrose injection concentrations,

or between non-injected and distilled water injected plants. The number of seeds in

the primary ear was increased by approximately 55 % due to the sucrose injection

treatment when compared with distilled water control. Ma er al. (1994a) reported

that infusion of sucrose at 150 g L- I increased kernel set in one of two hybrids tested.

At the beginning of rapid kemel growth, corn stems accumulate carbohydrate

(Hume and Campbell, (972). Partitioning of Iole photaassimilate revealed that the

stem is a major sink at this stage (Alofe and Schrader. 1975). The net accumulation

of sugars by com stems occurs over a period of 2-3 weeks and the amount of sugar

accumulated is substantial. sometimes equivalent ta 12 to 25 % of tinal grain dry

matter (Daynard et al., 1969). Therefore. the stem represents a large temporary sink

which can comPete with other sinks for available photosynthate. In this experiment.

although depression of secondary ear growth occurred for the sucrose treatments. the

primary ear grain weights of sucrose injected plants were greater than those of plants

injected with distilled water, probably due to direct provision of assimilate through the
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stems (Le. injected sucrose) leading to increased the sink strength for primary ear.

and increased dominance of the primary ear over secondary ear. Both plants injected

with distilled water plants and non-injected plants produced secondary ears.

However, the secondary ear development of the non-injected plants was smaller than

that of distilled water injected plants, leading to lower total grain yield. The greater

development of secondary ears in the plants injected with water, relative to plants

injected with sucrose or non-injected plants, may have been related to altered

assimilate tlow and water relationships among tissue proximate to the injection site.

Zinselmeier et al. (1995) infused corn plants with a complete tissue culture

medium containing ISO g sucrose L- 1 and plant growth regulators (2.4-0 and kinetin)

through an artificial cavity made in the stems of tïeld-grown corn plants. They did

not find any effect of this test medium on grain development. The grain weight per

plant of plants infused with tissue culture medium, in the Zinselmeier et al. (1995)

study, was similar to that of plants injected with sucrose at 150 g L- l in our study. [n

their study (Zinselmeier et al., 1995), the secondary ears were fully developed for aIl

treatments (injected with tissue culture medium or water) while secondary ears were

fully developed only for distilled water injected treatments in our work. Several

factors may have contributed to the differences between our tindings and those of

Zinselmeier el al. (1995): the length of the infusion periods was different; 32 days for

our work vs 5 days for Zinselmeier el al. (1995); the injected solutions used in our

work did not contain plant growth regulators or other constituents of tissue culture

medium as was the case with the work of Zinselmeier et al. (1995); the hybrids used

in the two studies were different; the environmental conditions were different at the

two locations; and the sucrose supply techniques used in the two studies differed.

8.4.3. Chlorophyll fluorescence and leaf c%ur

Across all leaf positions and times. there was no simple effect of sucrose

concentration on chlorophyll fluorescence. However, there was an interaction

between leaf position and sucrase solution concentration, leaf position and injection

time, and injection time and injection concentrations (Table 8.3). The effect of
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sucrose solution concentration was more apparent for bath ear leaves and ear+ l

leaves (Fig 8.1). No changes were found in F" /FIO values on ear-l leaves during

injection (Fig 8.1). The F)Fm ratio of ear leaves of plants injected with 300 g sucrose

L-' declined during the first week of injection and then recovered to values similar to

those of other plants injected with lower sucrose concentrations. during the second

week of injection. By one week after the beginning of injection. the F.)Fm ratio in

the ear+ 1 leaves for sucrose injected plants was lower than that of the control plants

(Fig 8.1). By day la after the commencement of injection. sorne ear+ 1 leaves of the

plants injected with sucrase (especially the 300 g sucrase L- ' treatment) began to show

signs of carbon-phosphorus imbalance as indicated by leaf redening. Leaf redening

was apparently due ta anthocyanin accumulation and the loss of leaf chlorophyll. [n

addition, a decrease in the ratio of chlorophyll tluorescence (F.)Fm ) in ear+ 1 leaves

further indicated depressed photosynthesis by ear+ l leaves for plants injected with

300 g sucrose Loi. By five to six days after the red pigmentation appeared. we were

unable to detect any chlorophyll tluorescence, demonstrating the absence of

chlorophyll. This indicated premature senescence of these leaves when internodes

nearest the primary ear were injected with sucrose.

The long term effect of pressurized sucrose injection on leaf physiology is

unknown. Tarpley et al. (1994) found that sorne of the I~C sucrose infused via a

pulse application into sorghum (Sorgl1um bie%r (L.) Moench) moved upwards

through the xylern and into leaves. In our case. the needles were inserted

approximately 1.5 cm into the stem, which means most uptake of added sucrose

would have been by pith parenchyma cells. Ir seems unlikely that these cells would

have transported sucrase ta xylem cells. However. we do not know that this sort of

transport did not occur and we do not know if it would have contributed to leaf

redening if it did occur. It rnay be that sink limitation resulted in restricted sucrose

export from leaves near the injection site, which caused the premature ear+ 1 leaf

senescence in sucrose-injected plants. Prioul et al. (1992) found that ear excision

(sink removal) led to an accumulation of anthocyanin in the leaves of corn plants and

caused an accumulation of carbohydrate in source leaves, which depressed
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photosynthesis and induced senescence.

In this experiment, we found that injection with sucrase decreased total plant

dry weight as compared with distilled water injected control plants. This may have

been due to: 1) an overall shift in the pattern of dry matter partitianing between

primary and secondary ears with increased dominance of the former over the latter. 2)

the effects of osmotic stress on carbon dioxide tixation in plants injected with

concentrated sucrose solutions, or 3). corn plants may have a built-in regulation of

growth rate which acted ta compensate, and perhaps over compensate. for the extra

reduced carbon availability. Il is clear from the data that the tirst of these played a

strong role.

There were two possible reasons for causing the difference in grain weight

between primary ear and secondary ear of injection of sucrase plants: 1) injection of

sucrose into the stem adjacent to the developing primary ear caused the secondary ear

to perceive a large developing sink, inhibiting the development of the secondary ear.

while causing the leaves normally supplying the primary ear to behave as though the

sink strength had been reduced to zero (Prioul el al., 1992). as if the primary ear had

been removed; 2) it could be due to sorne unknown artifact from the pressure damage

or the osmotic potential of sucrose. Collectively, these observations suggest that the

mechanism for signalling between the primary and secondary sinks. and between the

primary sink and the source are different.

8.5. Conclusion

The long term constant pressure injection of solutions containing

concentrations of sucrose, especially 300 g sucrase Loi. led to earlier senescence of

the ear+ 1 leaves, and caused a decrease in the F.)Fm chlorophyll tluorescence ratio.

The injected internodes of plants receiving sucrose solutions weighed more than thase

of the distilled water injected controls. These internodes appear ta have acted as a

sink for a portion of the injected carbohydrate. Injection of sucrose increased the

number of seeds produced in the primary ear and the weight of the primary ear. but

inhibited the development of the secondary ear. The greater development of

secondary ears in the plants injected with distilled water may have been related to

128



altered assimilate tlow and water relationships among tissue proximate to the injection

site. This work constitutes the first use of the stem injection technique to examine the

effects of chronic sucrose addition to the development and physiology of corn plants

undergoing active grain filling.
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Table 8.1. Corn dry matter distribution (g planr l
) means receiving the sucrose injection

• •

treatments.

Injection Leaves Total First Second Ear+ 1 Ear

concentrations stalks injection injection leaves leaves

(g sucrose L' I ) internode inlernode

Ear-) Total

leaves dry malter

non-injection 34.5 bt 70.6 a 4.4 b - 3.4 a 3.3 a 3.7 a 272.8 a

0 43.3 a 75.1 a 5.0 b 5.6 a 3.2 a .l5 a 3.4 a 305.4 a

150 33.5 b 83.5 a 7.1 a 6.9 a 2.7 ab 3.3 a 3.6 a 259.5 a

300 31.1 b 76.1 a 7.8 il 7.0 a 2.4 b 3.2 a 3.4 a 244.8 a

t Within columns, means followed by the saille Icltcr arc Ilot signi licant di ffcrefll al the O.O~

significance levcl by a protecled Lcast Signilïcant Difference lest.
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Table 8.2. Corn yield and yield componcnts of corn plants means rcceiving sucrase injection trcatments.

Injection Primary ear Secondary ear Total

concentration grain number grain weight grain grain weight gram grain weight

(g sucrose Loi) (g car-I) number (g car- I
) number (g carol)

non-injection 331 bt 100 b 176 b 28 b 507 b 128 b

0 323 b 90 b 323 a 75 a 648 a 165 a

150 492 a 125 a -- -- 492 b 125 b

300 509 a 122 a -- -- 509 a 122 b

t Wilhin colul1lns, means followed by the same letter are nol signiticantly differcnt at the 0.05 Icvcl by a

protcctcd Least signi ficant Di flcrcnce lesl.

131



Table 8.3. Analysis of variance (ANDV A) and

moditïed ANOVA on chlorophyll tluorescence (F,/FnJ

of ear leaves. ear-l leaves and ear+ 1 leaves during

the first two-weeks of the injection period.

Sources

Conc (C)T

Positions (P)*

CXP

Time (n
TXC

PXT

PXTXC

ANQVA ~loditled

(Pr~ F) ANOVA

NS NA

II( *

* )le

II( *
II( *

* >je

II( NS

NA = not appl icable; t presented injected

concentration; *presented leaf positions [leaves just

below ear (ear leaves). leaves just below ear leaves

(ear-l leaves) and leaves just above ear (ear+ 1

leaves)]; ANOVA =univariate analysis of variance:

modified ANOVA = the probability of signi ticance Pr

~ F is adjusted by using the Greenhouse-Geisser

estimate of Box's epsilon correction factor; 'lC

significantly different at 0.05 level; NS = not

significant.
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Fig 8. 1. The effects of injected sucrase concentration on chlorophyll tluorescence

(FJFnJ of corn plants [non-injection (0); injected with 0 g sucrase Loi (C ); injected with

150 g sucrase Loi (A); injected with 300 g sucrase Loi (.); vertical bars indicate the

standard error of treatment means].
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Preface to Chapter 9

Chapter 9 is comprised of material fram a manuscript prepared by myself. my

supervisor, Dr. D.L. Smith and other three co-authors, Dr. C.A. Madramootoo, Dr.

A.F. MacKenzie and Dr. P. Dutilleul for publication in the Journal ofAgronomy and

Crop Science in 1997. The format has been changed ta be consistent within this

thesis. AU literature cited in this chapter is listed in the reference section at the end

of this thesis. Each table or figure is presented at the end of this chapter.

In the last chapter, we demanstrated that the exogenous supply of sucrase

affected the photosynthetic activity and dry weight accumulation of cam plants. This

chapter deaIs with corn yield components and photosynthesis as affected by

combinations of water availability (via a controlled water table) and sucrase (via corn

stem injection) under controlled environment conditions.
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Chapter 9

Sucrose Supplementation (Stem Injection) of Water Stressed Corn

9.1. Abstract

Water stress during silking or early kemel development decreases the number

of kemels set by corn (Zea mays L.) plants. Previous work has suggested that lack of

assimilate supply due to water stress at silking was a major factor in the resulting

reproductive failure. A greenhouse experiment was conducted ta test the hypothesis

that sucrose supplementation of water stressed corn plants can prevent decreased

kemel set. Sucrase was injected into corn stems at three concentrations [0 (distilled

water), L50 and 300 g L- I
] for 30 days starting at silking. Water availability was

controlled by either maintaining a water table at 50 cm from the soil surface (weB

watered) or by withholding water starting one week before silking (water stress) until

the fifth day after silking. The photosynthesis rate of water stressed plants was 25 %

that of well-watered plants on the first day of silking. On average, the daiIy injection

rate for distilled water was l mL higher than that of the sucrose treatments over a 30

day injection period. No difference in daily uptake rate was observed between the

150 and the 300 g sucrose L- I treatments. For over water availability treatments.

approximately 17 g sucrose were injected into corn plants during the 30 day injection

period. Corn plants receiving sufficient water supplY produced bigger ears. with

more seeds and greater LOO-seed weight values, leading to higher total plant dry

matter accumulation than water stressed plants. Injecting of 300 g sucrose L- I

increased the weight of the injected intemodes by 28 %, compared with distilled water

injection. The highest grain yield was for the plants injected with ISO g sucrose LI.

but only under sufficient water supply. Plants injected with 300 g sucrose L- i

produced the least grain regardless of moisture availability. Thus. the exogenous

sucrase supplementation intluenced kemel set only under conditions of sufficient soil

water supply. These results indicate that plant reproductive development after silking

was limited more by water availability than assimilate supply, suggesting that sorne

overall plant response to water stress, perhaps mediated by hormonal signalling, was

more important than carbohydrate supply.
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9.2. Introduction

Water stress during the reproductive phase. and especially during silking and

early kemel growth. reduces the number of kernels per ear in corn (Tollenaar and

Daynard, 1978; Herrero and Johnson. 1981; Frey. 1981). This reduces both potential

sink size and tÏnal grain yield (Schussler and Westgate, 1991). Lack of assimilate

supply during tlowering and early kemel growth has been suggested as a major factor

responsible for reproductive failure under water stress (Boyle et al., 1991b: Schussler

and Westgate, 1991; Zinselmeier el al.. 1995). This overall shortage of assimilates in

corn is probably caused by the inhibition of photosynthesis by low leaf water potential

(Westgate and Boyer. 1985: Schussler and Westgate. 1991) and related reductions in

accumulation of photosynthate reserves in the corn stem at anthesis (Boyle et al ..

199Ib). On the other hand. Schussler and Westgate (l994) found that C and N

reserves in the corn stalk are not sufticient to offset the assimilate deticit caused by

water stress. They concluded that a high level of assimilate reserves alone was not

sufficient to overcorne the lack of readily available photosynthate at low water

potentia!.

Photosynthesis is the ultimate physiological limitation to crop grain production

(Zelitch, 1982). The reduction of photosynthesis by water deticit stress has been weIl

documented (Boyer and McPherson, 1915; Boyer. 1976). Photosynthesis is reduced

by the lowered availability of water, both as a result of stomatal c10sure and as a

result of effects at the chlaroplast level (Boyer, 1976). Boyer and McPherson (1975)

showed that photosynthesis is a major factor controlling grain yield under water

deficit stress.

Stern infusion is one of the most useful methods for delivering nutrients to

plants (Grabau et al.. L986; Boyle et al.. 1991a; rvla and Smith. 1992; Ma el al..

1994; Zhou and Smith, 1996). Boyle el al. (1991b) used a stem infusion method to

supply sucrase (150 g Loi), dissolved in a complete liquid tissue culture medium

containing plant growth regulators (2,4-D and kinetin), to water stressed corn plants.

Final grain yield of sorne plants infused with tissue culture medium approached the
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yield of weIl watered control plants. In addition, water stressed plants showed nearly

complete reproductive failure, whether they were infused with a similar volume of

water, or not, suggesting that assimilate supply at t10wering may regulate kemel set in

water deficient plants. In order to assess whether the plant growth regulators 2.4-0

and kinetin were the media components responsible for restoration of grain yield in

water stressed corn plants, they also tested the effect of the components in the

medium by testing treatments with and without the plant growth regulators. Their

results dernonstrated that the plant growth regulators in the infused complete media

were not the components responsible for preventing reproductive failure under water

stress. However. they did suggest that sorne component of the media. besides plant

growth regulators, played a role in overcoming drought stress effects.

The purpose of the present study was to examine the effects of soil water and

assimilate supply (sucrase onlYL using the stem injection method of Zhou and Smith

(1996), on corn growth during active grain filling. We chose sucrose as the

supplemented assimilate since it is the carbohydrate most transported in corn plants

(Prioul et al.. 1990).

9.3. ~(aterials and ~(ethods

The experiment was conducted in a greenhouse at the Macdonald Campus of

McGill University. Ste Anne de Bellevue. Québec. Canada in the spring of 1994.

Two water availability treatments (water table maintained at 50 cm from the soil

surface, and water stress) and three sucrose injection concentrations [0 (distilled

water), 150 and 300 g sucrase LoI] were organized in a 2 X 3 factorial arranged

within each of three randomized complete blacks.

9.3.1. Plant culture

Corn (Zea mays L.) hybrid Pioneer 3921. was planted in 68.2 L white plastic

pails (57 cm in height) filled with LOO kg of 2: 1 (v/v) sand/soil mixture on ~farch 24.

1994. The experiment was conducted at 30/20°C day/night temperature. 85/45 %

relative humidity. High pressure sodium lamps (St Thomas de Joliette. Québec.

Canada) provided a 14.5 h photoperiod.

At planting, 5 seeds were sown in each pail. The seedIings were thinned ta
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two plants per pail one week after emergence. Two weeks after emergence, the

plants were thinned again to one plant per pail. AlI plastic pails were watered to tield

capacity daily until one week before silking when water availability treatments were

begun. Starting at emergence, fertilizer (20-20-20) N-P20s-K20 solution (3 g L- I
) was

applied twice a week at the rate of 2 L per pail. The nutrient solution concentration

was increased to 6 g L- I at three weeks after emergence to provide additional nutrients

for stem elongation and early reproductive development. The fertilizer application

stopped after four weeks when the water availability treatments started. To simulate

field conditions, the pails were arranged 30 cm apart, giving a plant density

equivalent to approximately 75,000 plants ha- I .

9.3.2. Water stress and \I,'arer rable rrearments

In order to create a simulated controlled water table, four hales were drilled

into the sides of each pail near the bottom to provide drainage for each treatment.

When water table control commenced, the holes were blocked with rubber stoppers

(0.65 cm, o.d.). An 80 cm length of PVC pipe (5.5 cm, o.d.) was used to control

water table with four hales (l cm, o.d.) drilled 5 cm above the bottom opening of the

pipe. The pipe was positioned vertically near one side of each pail and buried in the

sail mixture to a depth of 55 cm. To obtain a constant water table at 50 cm from the

sail surface, a rubber stopper (6.5 cm, o.d at the top, 5.5 cm, o.d at the bottom and

2.6 cm in height) was tightly inserted into the top of the PVC pipe: a hole just large

enough to fit the neck of aIL bottle had been drilled through the stopper. When the

water table treatment started, the stopper was sealed tightly onto the top of the PVC

pipe was attached to 1 L reservoir tilled with water. Water from the bottle reservoir

was delivered to the sail. When the water level in the pail dropped below 50 cm

below the soil surface, water flowed out of the bOUle (water reservoir) and raised the

water table back to 50 cm from the sail surface.

To achieve water stress conditions at silking, water was withheld for

approx.imately one week before the silking stage (RI) (Ritchie et al., 1986). By R l

stage, the leaves of plants receiving the water stress treatment were wilting and

curling, and the photosynthetic rates of these plants had already been reduced to 25 %
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of the 50 cm water-table treatment values (Table 9.2). This water stressed treatment

was rehydrated at day five after silking (RI) stage. During this interruption. 2 L H~O

were added to water stress plants for a four-day period. The water was added as it

was evident that without it the drought stressed plants would have died before the end

of the experiment. Water stress symptoms developed again within one week of

withholding water for the second time, but it was felt that the plants would probably

survive ta the end of experiment, which they did. Bath water stress and water table

control treatments were continued until the late dent stage (R5) (Ritchie et al.. 1986).

As the time between tasselling and silking increased for drought stressed

plants, so pollen was collected in a paper bag from plants receiving the water table

treatments and used to hand pollinate the water stressed plants during the early

moming on the first, second and third days after silk emergence.

9.3.3. Stem injeCTion

The details of this injection technique have described in a previous paper

(Zhou and Smith, 1996). Brietly, tlexible plastic tubing (i.d. 0.8, o.d 2.4 mm)

(Tygon, Norton Co., Akron, OH, USA), an 18 gauge standard disposable hypodermic

needle (Becton Dickinson, Rutherford, NI, USA) and a similar 21 gauge needle with

the plastic portion removed formed the delivery system while several standard (22.5

X 8.5 X 7 cm) ceramic three-hole construction bricks (approximately 2.7 kg each)

and two 2.4 metre (1.25 cm i.d.) supporting steel pipes provided the pressure for

injection. The injection end of the 18 gauge needle was inserted into the top of the

tubing. ~fasking tape was wrapped around the connection site between the 18 gauge

needle and the tubing to form a cup shape, which was filled with latex (Vultex,

General Latex Canada, Candiac, Québec, Canada) and allowed to dry. The top of the

21 gauge needle was inserted into the bottom of the tubing and sealed there with

white silicon sealant (GE Silicones Canada, Pickering, Ontario, Canada). The tubing­

needle system was applied when the silicon and the latex completely dried. Before

injection commenced, the 21 gauge needle indicated above was inserted downward

into the intemode below the ear, approximately 5 cm below the node which gave rise

to the ear shank. Masking tape was applied ta the corn stem ta form a cup around
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this injection site and the cup was tilled with latex. Two steel pipes with a attached

piece of plywood at a desirable hight were tïxed to the edge of a nearby greenhouse

bench in the greenhouse prior to injection. The plywood provide a platform ta hold a

test-solution filled 60 mL syringe~ which was connected ta the 18 gauge needle at top

of the tubing-needle system. A number of bricks rested on the syringe plunger to

produce a constant pressure to force tested solutions into the corn stems for a period

of weeks.

Injection was initiated at the RL developmental stage and continued to late in

the R5 stage (Ritchie et al., 1986), a period 30 days. By day 30 after the

commencement of injection, 57% of the leaves of the water stressed plants (including

the ear leat) had died due to extreme water stress. The solution volume in the

syringe was observed and recorded daily; the decrease in solution volumes indicated

uptake by the injected plants.

9.3.4. Measuremenrs and analyses

Forty-eight hours after the water and injection treatments were started. net

photosynthesis was measured on the ear leaf with a Li-Cor 6200 portable

photosynthesis system (Li-Cor Inc., Lincoln, NE) between 10:00 and 12:00. These

measurements were then conducted at one week intervals for the next three weeks.

Due to technical problems, we were not able to record data for stomatal conductance

for the first measurement (48 hours after the imposition of the treatments).

Corn plants were harvested on July 7 by cutting at the soil level. Harvested

plants were separated into leaves (including the leaf sheath), injected intemodes.

stalks, non-seed reproductive structures (husk, shank and tassel) and ears, then dried

at 70 oC to a constant weight. The dry weight, grain weight, width and length of the

ear, kemel rows per ear, number of kernels per row, and 100-seed weight of each

plant were measured. Any developing secondary ears were removed as soon as they

were noted, 50 that all data on grain yield and yield components would relate ta

primary ears only.

Statistical analyses were conducted with the PROC GLM procedure of the SAS

Package (SAS Institute Inc.• 1985)~ according to Steel and Torrie (1980).
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Comparisons between means were made with a GLl\tl analysis protected LSD test.

Generally, differences reported in this paper were at the P :s; 0.05 level. However.

sorne differences between the 0.05 and 0.1 levels are discussed; in these cases the P

values are given in the text and in the tables.

9.4. Results and Discussion

9.4.1. Injecrion uprake rares

The injection period lasred for 30 days. The overall average daily injection

rate was 3.1 mL day·1 (Table 9.1). The uptake rate for water stressed plants was not

different among injection concentrations. Under sufficient moisture conditions. the

uptake rate day'l was highest for the distilIed water treatment. These results agreed

with Zhou and Smith (1996). In total, plants took up approximately 27 mL less of

the 300 g sucrose L· I solution than the distilled water over water availability

treatments during the injection period. Interestingly, under water stress conditions.

30 mL more of the injected 300 g sucrase L· I solution per day was taken up than of

the 150 g sucrose L- I solution. During the 30 day injection period. over water

availability treatments, approximately 11.2 and 22.4 g sucrose were injected for the

150 and 300 g sucrase L- I solutions, respectively.

In this study, we found that the 300 g sucrose L- I solution occasionally resulted

in flow of stalk solution back into the syringe reservoir, even through the solution in

the reservoir was under pressure. Ma et al. (1994a) made a similar observation under

field conditions, although in an unpressurized system. The 150 g sucrose L- I was a

better concentration for use under greenhollse conditions. Similar results have been

observed under tïeld conditions (Ma el al.. 1994a).

9.4.2. Lealphotosynthesis and stomaral conducrance

In general, photosynthesis declined as the plants developed (Table 9.2).

Treatment differences were present 2 days after silking, by which time the

photosynthetic rate of water stressed plants was approximately 25 % that of the weil

watered plants. The water stressed plants were given 2 L of water per day for four

successive days, starting five days after silking after which the full water stress

regime was reimposed (see Materials and Methods). As a result, measurements of
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the photosynthetic rates taken one week after silking were not different between water

availability treatments. The photosynthetic rates of the water stressed plants then

continued to be lower than those of the weil watered plants until the onset of

senescence.

The effects of injected solution concentrations on leaf photosynthesis were

observed at 48 hours and two weeks after the commencement of injection CP =0.06).

This result was different from the tinding of ~fa el al. (1994a) who. using the

modified method of Boyle el al. (l991a), observed no infused sucrose concentration

effects on photosynthetic rates. By 48 hours after the onset of injection. the water

stressed plants injected with sucrose had near zero photosynthetic rates. This

inhibition of photosynthesis for the plants injected with sucrose may have been due to

accelerated accumulation of assimilates (either free sugars or starch). especially under

water stress. This end-product inhibition of photosynthesis has been observed

perviously (Giffard and Evans. 1981). Recent investigations at the molecular level

have shown that inhibition of photosynthetic gene expression by metabolic factors is

related ta high tissue carbohydrate content, which forms a mechanism for 'sink

regulation' of photasynthesis (Sonnewald and Willmitzer, 1992; Krapp et al.. 1993:

Van Oosten et al., 1994). While such an inhibition was indicated by a reduced

photosynthetic rate at 48 hours after the start of injection (P S 0.06). the

measurements taken at one and two weeks (P sO.06) after the start af injection

showed elevated rates of photosynthesis for plants receiving sucrose. No previous

work has investigated the effect of long-term injection of sucrose into corn stems on

leaf photosynthesis, and the reasons for the increased photosynthetic rates due to

injected sucrase are not understood.

By the third week of injection, there was an interaction between water

availability and sucrose injection concentration (P =0.05). Injection of the 300 g

sucrose L· I solution strongly inhibited photosynthesis under water detïcient conditions

while the same concentration resulted in the highest photosynthetic rate under

sufficient water supply. Under water deficit stress conditions, the injected 300 g

sucrase L- I solution more strongly inhibited photosynthesis [han the 150 g sucrose Loi
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solution. Water stress may have reduced sink capacity very early on. at a cime when

photosynthetic rates of the ISO g sucrose Loi plants were also affected. This

inhibition of net photosynthesis at the highest sucrase concentration may have been

caused by osmotic imbalance or a metabolic reaction to accumulated solutes (mainly

sucrose) in the stem of water stressed plants. leading to decreased water potencial

pressure on the cell membranes, causing inhibition of photosynthetic electron

transport (Keck and Boyer. 1974).

When plants are exposed to water stress. stomatal closure is one of the earliest

and most sensitive responses (Hsiao. 1973). Changes in stomatal conductance

coincided with changes in photosynthetic rate during the period when the water

availability treatments were imposed (Table 9.3). One week after silking. stomatal

conductance of the ear leaves was not different among any of the treatments. This

was probably because the plants of the water stressed treatment were receiving water

at this time. in order to prevent mortality (see Materials and Methods). However, the

water stress led to reductions in stomatal conductance for the last two weeks. The

concentration of sucrose injected did not cause any detectable changes in stomatal

conductance at the tïrst two measurements (one week and two weeks after injection).

Although by the third week of injection. water stressed plants receiving sucrase

showed inhibition of stomatal conductance when compared with weB watered plants

(Table 9.3). The stomatal conductance of water stressed plants injected with 300 g

sucrose L- I was not different from that of distilled water injected plants. However.

for the weIl watered plants injection with 300 g sucrose L- I reduced average stomatal

conductance below that of 150 g sucrose Loi injected plants.

9.4.3. Dry marrer panirioning. yield componenrs and grain yield

There was no effects of water availability treatments or sucrose injection

concentrations on total stalk weight. leaf number and leaf weight (Table 9.1).

Averaged over injection concentrations, total dry matter production was reduced 20%

as a result of the water stress treatments. This reduced accumulation of total dry

matter production confirmed the observed inhibition of photosynthesis under water

deficit stress. A similar result was also reported by Schussler and Westgate (1991).
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Under these controlled environment conditions, we also found no effect of injected

sucrose concentrations on total stalk weight and total dry matter production. which

was consistent with our findings under tield conditions (Zhou and Smith. unpublished

data).

fnjected sucrose increased the weight of the injected intemodes (Table 9.1) (P

~O.O7). Injection of 300 g sucrose L- I caused a 3.2 g (28%) increase in the weight

of the injected intemodes over that of distil1ed water injection. This agrees with our

previous observations for field grown plants (Zhou and Smith, unpublished data).

The increase in the weight of the injected intemodes due to injection of 300 g sucrose

L- I could have had severaI causes. First. sink limitation may have resulted in

extensive stalk storage of the injected materials. Second, the continuous injection of

concentrated sucrose solutions with their high osmotic potentials may have caused cell

membrane damage, which resulted in restriction of injected solution transport leading

to accumulation of solute at the injection internodes. Third, the production of caHus

or tyloses due to wounding caused by needIe injection. could aise have increased

intemode weight.

Production of the nan-seed reproductive structures (husk. shank. and tasse!) by

corn plants was affected by the water availability and injected sucrase concentrations.

but only at P=O.OS and 0.07, respectively. Averaged over the injection

concentrations, water availability increased dry weight of the non-seed reproductive

structures by 7.8 g. The injection of 300 g sucrase Loi increased non-seed

reproductive structure weight by 4.5 g planr', compared with distilled water and 150

g sucrose L- I treatments, averaged over the water availability treatments.

The water availability treatment produced more and larger seeds, leading to

greater grain weight per plant when compared with the water stressed plants (Table

9.4). Water availability increased the number of kernels per row by 15 % and the 100

seed weight by 15%, when compared to water stress conditions. The reduced kernel

set under water stress treatments was probably due to developmental failure within the

ovary (Bassetti and Westgate, 1993).

There were interactions between water availability treatment and sucrase
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injection treatment for ear length (P ~O.OS) and grain yield (P ~O.06). Under water

stress, plants injected with sucrose at ISO and 300 g L- I had ear lengths that were 4.7

cm (23%) and S.6 cm (28%) shorter, respectively, than those of the corresponding

well watered treatrnents. Water stressed plants injected with distilled water had ear

lengths similar to those of distilled water injected weil watered plants (Table 9.4).

The highest grain yield was observed for the plants injected with ISO g sucrose

LoI under sufficient water supply. The plants injected with 300 g sucrose Loi

produced the lowest grain yields under water stress conditions. However, under

water stress, bath sucrose injection treatments produced lower yields than distilled

water injection, and aiso the plants injected with 300 g sucrase L- I produced 40.2 g

(34 %) less grain weight than the same injection concentration with sufticient water

supply. Data presented here indicated that the 300 g sucrose L- I solution was

probably excessively concentrated, perhaps causing osmotic stress, or other

disruptions. Other possible causes of the reduction of grain yield due to injection of

the 300 g sucrose LoI solution are: i) the inhibition of assimilate translocation

capacity, as evidenced by the greater dry matter accumulation in the injection

intemodes, ii) cell membrane damage due to more solute accumulation as sugar

concentration increased under water deficit (Premachandra el al.. 1992), iii) under

water stress, the earlier ear leaf senescence and greater accumulation of dry matter in

non-seed reproductive structures and injection internodes due to injection of 300 g

sucrose LoI may aIso have been factors responsible for the reduction in grain yield.

Sorne of the effects of sucrose injection observed under controlled environment

conditions, differed from our previous tindings under field conditions (Zhou and

Smith, unpublished data). Injection of sucrose into corn stems under tield conditions

increased primary ear grain yield, but inhibited the development of the secondary ear.

resulting in an overall yield reduction. However. for the greenhouse study, we

attempted to avoid this complication by removing the secondary ears from aIl plants,

hence, we artificiaIly removed this alternate sink. In addition, disruption of sucrose

translocation and sink relationships were obvious under tïeld conditions, as evidenced

by rapid senescence of the ear leaf and ear+ L (eaf, with an accompanying
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accumulation of red pigments for plants injected with sucrose, by two weeks after

injection treatments were imposed. In the work reported here. we found that sucrose

injection decreased grain production. although only under conditions of water stress.

Although the tield grown plants showed no visible signs of water stress. it is certain

that these plants experienced lower average warer availability than the 50 cm water

table treatment used here, both because soil water was probably less available. at [east

for sorne time during the injection period in the tield, and because the transpiration is

certain to have been higher in the tield (i.e. higher radiation and wind levels. and

lower relative humilities than in the greenhouse). Under greenhouse conditions. the

ear leaf of water stressed plants showed the greatest reductions in photosynthetic rates

relative to other treatments by three weeks after the injection treatl1lents were

imposed. This reduction of photosynthesis indicated early ear leaf senescence for

water stressed plants. However, in this work, the pre-senescent ear leaf did not show

a red colour as was the case under the field conditions. This may have been due to

lower light intensities andl or better phosphorous nutrition in the greenhouse.

Greenhouse light levels were about half of tield values and this was found to be the

case in our situation (e.g 474.2 ,LLmol PAR m-:? S·I vs 925.4 ,umol PAR m-:? sol under

clear skies). In addition, light levels in April and May. when most of the corn

growth occurred in the greenhouse would have been weIl below those occurring in

June and July when rapid growth occurs under tÏeld conditions.

Zinselmeier et al. (1995) reported that the exogenous supply of a solution

containing only sucrose and water to water stressed corn plants maintained the grain

development of these plants. A careful comparison of our results with the results of

Zinselmeier et al. (1995), showed that the grain yield of water stressed plants

receiving sucrose (150 g L- t
) was similar to their work and in our work (89.6 vs 74 g

per ear). We injected approximately half the mass of sucrose infused by Zinselmeier

et al. (1995) and our entire injection occurred at one injection site over a relatively

long period of time [32 days for ours' work vs 5 days for Zinselmeier et al. (l995)'s

work]. However, in our study, we did not observe positive effects of sucrose

addition under water stress conditions, when compared to plants with injected water
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only. The main cause of this difference may have been due to greater grain yield for

the water injected plants in our work than their that of Zinselmeier et al. (L995)

(108.5 vs 4 g per ear). Based on the photosynthetic rates of water stressed plants in

our work and that of Zinselmeier et al. (L 995), the level of water stress applied by

Zinselmeier et al. (1995) was lower than the level applied by us (8 J.L mol m- l S·l vs 3

Ji. mol m-2 S·I) on the tïrst day of water stress was imposed, and the rehydration of

plants from their study appeared to result in faster recovery of photosynthetic rate

than ours. This indicated that our plants were more stressed than those of

Zinselmeier et al. (1995). It seems probable that the main cause for the different

conclusion reached in our work and that of Zinselmeier el al. (L 995) was a difference

in the physiological ability of the two hybrids to tolerate water stress. which resulted

in the lack of a positive effect of sucrase injection on grain yield. The hybrid used in

our work is reported to be stress-tolerant.

9.5. Conclusion

Supply of sufficient water increased the number seeds per row and seed size.

leading ta greater yield per plant. Injected sucrose concentrations did not change

yield components in water stressed plants. Injection of 300 g sucrase Loi decreased

grain yield, especially under water stress conditions. With sufficient water supply.

injection of the 150 g sucrose L- I increased grain yield. The 150 g sucrase Loi

solution was the more appropriate concentration for use under greenhouse conditions

when supplying assimilate as sucrose into corn stems. These results indicated that

exogenous sucrase supplementation influenced kernel set only under conditions of

sufficient sail water supply. The observation that sucrose injection (150 g sucrase Lo

1) increased grain production when the plants had sufficient water, but not when water

stressed, indicated that plant reproductive development after silking was limited more

by water availability than by the supply of assimilates, indicating that sorne overall

plant response ta water stress. perhaps mediated by hormonal signalling, was more

important than carbohydrate supply. Different hybrids may respond differently to the

injection sucrose.
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Tablt: 9.1. Tht: t:ft"t:cts of watt:r availahility and injt:Clt:d sucrost: concèntratlons on injt:Ction daily solution uplakt: and partial corn dry malter

distributions......., NS imlicales diffërences al the 0.05 prohahilily levd, and nol signitieant al P< 0.1, res~tivdy, P values hèlwce::n 0.1 and 0.05

are given.

--
Factors uptakt: non-seetl 1I1Jt:Clion slalks ear leaves Il:af lotal

ralc reproductive intel1l0de lèaf
structureS

(ml day-l) (g planl l
) (g) (g plant l

) (g plant l
) (g planl'I) num~rs (g plant')

W..h~r Availahility Infusèd Concèntrations

Watt:r stress dislillcd water 3.2 22.1 7.2 81.7 4.5 3M.3 14.0 268.2

150 g sucrose L 1 2.4 23.6 8.9 94.7 4.3 34.5 13.0 255.6

300 g suc roSE: L 1 3.4 28.8 Il.ô 120.7 4.5 38.9 13.0 282.9

Wiltër dislillt:d willer 4.1 33.0 8.9 135.5 4.2 38.8 14.0 319.4

sufticièncy 150 g sucrusc LI 2.6 33.1 8.8 121.9 4.5 37.5 14.0 346.4

300 g SUl:rtJsc LI 2.1 36.1 10.8 131.8 4.3 38.2 14.0 339.6
lSDou, 1.0 7.7 3.2 43.1 0.6 5.6 1.8 67.3

--
Waler Availability (W) NS 0.05 NS NS NS NS NS ......

Concentrations (C) ,.. 0.07 0.07 NS NS NS NS NS

WXC NS NS NS NS O.OC> NS NS NS
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Table 9.2. The effects of water availahility and injèCtcd sucrose conccntrations

on corn lcaf photosynthesis. t stands for 48 hours. one weèk. two weèks and thrcc: weeks

after inj~tion was imposèd. "'*. NS indicate:s diffe:rences at the: 0.05 prohahility levd.

and not significant at P < 0.1. re:spc:ctlvdy. P valuc:s hd\\o'ct:n 0.1 and 0.05 arè glven.

Factors ~8 hr~T 1 wk 2 wks 3 wks

------ J.'. mol m·1
S'I -------

Ware:f Availahilitv [nfused Concèntrations

Watef stress distillèd watc:r 11.7 8.7 ~A 3.0

150 g ~ucrose Li 2..+ 9.9 5.3 3.3

300 g sucrase: LI 2.7 Il.4 8.7 1.3

Wate:f sufficiency distilh~d watef 2~.8 6.8 5.0 5.3

150 g sucrase: LI 20.6 14.7 9.3 4.0

300 g suc rose: LI 22.7 11.6 10.9 5.8

LSOOO5 8.0 7.8 4.8 "l ,

...

Warer Availabiliry (W)

Concentrations (C)

WXC

**

0.06

~S

ISO

~s

NS

~S

0.09

0.06

NS

.....

~s

0.05
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Table 9.3. The ~ffects of watèr avadability and injèCkd sucroSè ~oncentrations

on stomatal conductance of corn I~aves. t stands for 48 hours. one week. two

weeks and thrèe w~eks after injection was impo~d. • •. NS indicates differences at

the 0.05 probability level. and not significant at P < 0.05. respectively.

Factors -t8 hrs t 1 wk 2 wks 3 wks

------------ m mol m·: S-I ------------

Water Availabilitv rnfus~d Concentr.dions

Water stress distilled water 44.2 18.2 9.7

150 g sucrose L· I
~4.7 18.9 6,4

300 g suc rose L· I 27.9 18.5 -t. 1

Water sufficiency distll1ed water 32.8 32.7 23.7

150 g ~ucrose L' l 37.9 32.5 26.8

300 g suc rose L· I 39.2 30.0 16.5

LSDo.o.s -t6.2 16A 9.3

-
Water availability (W) ~S *. "'>iC

Concentrations (C) \fS ~S
~;.ëc

WXC :'JS ~S ~S

-;J
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Table 9.4. The effects of water availability and injected sucrose concentrations on corn grain yidd and yield components. **. NS

indicales differences at the 0.05 prohability kvel and not signit1cant at P< 0.1. respectivdy, P values between 0.1 and 0.05 are given.

Factors # rows willth hmgth # seed grain 100 seetl
DW

(ear 1) (cm earl) (cm earl) (row'l)(g earl) (g)

Water Availahility Infused Concentrations

Water stress distilled water 13.0 14.2 18.1 33.7 108.5 25.6

150 g suaose LI 13.0 13.8 16.1 31.3 89.6 25.2

300 g Slh.:rose LI 12.0 12.8 14.7 28.7 78.3 24.5

Water dislillcu waler 12.0 14.1 19.2 37.0 ()8.9 29.4

suftidency 150 g sucrose LI 13.0 18.2 20.8 ]9.0 140.7 28.5

300 g suaose LI 11.0 13.8 20.] ]4.0 118.5 JO.9

LSDoll~ 3.9 5.8 2.6 11.0 52.7 .'-7

Water Availahility (W) NS NS :1- * * :1-

Concentrations (C) NS NS NS NS NS NS

WXC NS NS 0.05 NS 0,06 NS

1)2
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Preface to Chapter 10

Chapter 10 is comprised of material from a manuscript prepared by myself.

my sUPervisor Dr. D.L. Smith and two other co-authors, Dr. A.f. MacKenzie and

Dr. C.A. Madramootoo for publication in the Journal of Physiologia Planrarun1 in

1996. The format has been changed to be consistent within this thesis. All literature

cited in this chapter is listed in the reference section at the end of this thesis. Each

table or figure is presented at the end of this chapter.

In chapters 9, it was demonstrated that plant reproductive development after

silking was limited more by water availability than assimilate supply. As mentioned

in the literature review, sorne plant growth regulators might increase grain weight. or

induce stomatal c1osure, or stimulate photosynthetic rates. Therefore. we assessed the

effects of continuous plant growth regulator supply (via a stem injection system). with

or without sucrose, during the grain tïlling period on the growth and productivity of

field grown corn plants in this chapter.
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Chapter 10

Effects of Stem-Injected Plant Growth Regulators, with or without Sucrose.

on Grain Production, Biomass. and Photosynthetic

Activity of Field-Grown Corn plants

10.1. Abstract

Application of plant growth regulators (PGRs) or sucrase ta cereal crop plants

at anthesis has been demonstrated to affect plant photosynthetic activities and

productivity. ABA causes stomatal closure, and photosynthesis restriction during

drought. IAA stimulates many aspects of plant development. while litUe is known

about SA in this regard. Sucrose has potential to mitigate inhibition of photosynthesis

in water stressed corn plants. However, conventional foliar application or tissue

culture with PGRs and other organic materials have limitations. No previous study

has examined the effects of long term continuous addition of PGRs. with or without

sucrose to tield grown corn plants. A tield study was conducted to supply PGRs and

sucrose to corn plants (Zea mays L.) through a stem-injection technique. Our

objective was to determine the effects of a continuous supply of PGRs. with or

without sucrose, during the grain filling period on corn plant growth and productivity

under field conditions. Our injection technique delivered pressurized solutions

through syringe needles sealed to the stem with latex. Pressure was applied to the

syringe plunger with ceralnic construction bricks. Four PGRs (lAA. ABA. ethephon.

salicylic acid) plus a distilled water control and two levels of sucrose (150 g Loi and a

distilled water control) were injected into corn plants for forty-two consecutive days

during the grain filling periode Bath ethephon and ABA are known to inhibit aspects

of plant development. The plants injected with solutions not containing sucrose rook

up forty-two mL more than those of injected with sucrase containing solutions. Corn

plants injected with salicylic acid (SA) produced 9 % more grain yield than plants

injected with no PGRs. The combination of SA and sucrose increased the

photosynthetic rate by 42 % when campared with distilled water. Injection of

ethephon resulted in an l L% reduction in grain yield. Neither IAA nor ABA altered

plant photosynthesis or productivity. Sucrase injection increased the dry weight of
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injected intemodes and stover, and induced partial stomatal closure. although without

any measurable effect on net photosynthetic rate. This study showed that stem

injection makes possible the study of changes in plant physiology during grain-tïlling

due to the effects of PGRs and metabolites administered continuously over a

protracted period of time. It also demonstrated a previously undocumented

stimulation of plant photosynthesis and grain yield by SA.

10.2. Introduction

Plant growth regulators (PGRs) have been widely used in crop production.

The influences of PGR application on crop growth and productivity are varied.

Norberg et al. (1988) reported that ethephon application under high density conditions

decreased corn (Zea mays L.) grain yield. and reduced plant height and lodging when

applied at tasseling or post-tasseling. In the same study, ethephon application was

shown ta increase the protein concentration of the grain. Increased seed protein

concentrations were also found in barley (Hordeul11 vulgare L.) (Ma et al.. 1994b~

Foroutan-pour et al., (996) when ethephon was added via a peduncle perfusion

technique.

ABA regulates transpiration by inducing stomatal closure (Raschke, (975)

which can reduce plant warer loss (Davies and Jones, 1991), but also results in

decreased CO2 uptake. ABA can act ta close stomata during the periods of drought

(Davies and Mansfield, 1983). Foroutan-pour et al. (1994) found that peduncle

perfused ABA decreased the total seed weight per spike and seed protein of barley

plants. Boyle et al. (1991a) infused ABA into corn plants and suggested that ASA

could be used to temporarily induce stomatal closure, thus reducing photosynthesis.

Thus ABA may reduce stomatal aperture and photosynthesis, as occurs under dry

conditions, and sucrase addition may overcome the resulting reductions in yield.

IAA acts as a promoter of stomatal opening and stimulates photosynthetic

rates (Davies and Mansfield, 1987; Guinn et al., 1993). It also has been reported that

IAA alters the pattern of weight per seed between and within the spikes of wheat

plants (Rademacher and Graebe, 1984; Bangerth et al., 1985).
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Salicylic acid (SA) is a member of an diverse group of plant phenolics. and

has recently been reported to act as an endogenous signal for systemic-acquired

resistance to infection by plant pathogens (Raskin, L992). Patterson (1981) found chat

phenolic acids at a concentration of 1 mM reduced growth and physiological

processes, including photosynthesis, of soybean [Glycine max (L.) Merr.]. Shettel

and Balke (1983) reported that salicylic acid sprayed on the soil surface or plant

foliage reduced shoot dry weight accumulation by severaI crops (including corn) and

weed species. It has been suggested such a reduction could have been due to

interference with membrane ion transport in roots (Glass, L973; Harper and Balke.

1981). On the other hand, SA was reported to increase pod number and yield in

mung bean (Vigna radiata L. Wiliczek) (Kling and Meyer, L983). Jain and

Srivastava (1981) found that SA increased the in vivo activtty of nitrate reductase in

corn seedIings. Rai et al. (1986) showed that SA greatly promoted stomatal opening

by excised leaves of C0I11111elina coml11unis L. plants.

Sucrose is the main form of assimilate transported in corn (Prioul and

Schwebel-Daugue, 1992) and is translocated to seeds during the grain tïlling period

(Daie, 1985). Ma et al. (1994a) reported that stem infusion with sucrose after silking

increased kernel set in one of two corn hybrids tested. Milthorpe and Moorby (L 969)

indicated that the application of IAA increased the movement of soluble

carbohydrates, nitrogen substances and ions into the treated regions over a period of

several days. Furthermore, they concluded that the direct effect of IAA on transport

mechanisms and those arising from enhanced growth could not be distinguished. Hew

et al. (1967) demonstrated that the export of photosynthate from the primary leaves

was increased when IAA was applied to decapitated soybean plants. They proposed

that rAA intluences sucrose translocation in the soybean stem. Aspirin, a trade name

for acetylsalicylic acid, plus sucrose were reported to enhance tlower opening in

orchid species (Hew, 1987). Thus, it is possible that interactions between PGRs and

sucrose could alter plant development.

Stem infusion or injection techniques have been used successfully to supplY
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nitrogen. plant growth regulators or sucrase to different plants (Boyle el "/.• 1991a.b:

~fa el al., 1992; Foroutan-pour el al.. 1995; Zhou and Smith. 1996). No previous

study has documented the effects of long term injection of PGRs alone or combination

with sucrose on corn plant growth during the grain tilling period. Thus, our objective

was to determine the effects of continuous PGR supply (via a stem injection system).

with or without sucrose, during the grain filling period on the growth and productivity

of field grown corn plants.

10.3. ~Iaterials and Methods

The experiment was conducted during the 1994 growing season at the

Horticulture Research Centre of the Plant Science Department. McGili University.

Ste-Anne-de-Bellevue. Québec, Canada. Priar to this experiment. the experimental

field was used for grain corn production. The experimental plots were established on

St. Bernard loam (tine loamy. mixed. nonacid. frigid. Typic Eutrochrept) soil. The

plots were fertilized based on the results of a soil test. Each plot received 25 kg N

ha- I as 5-20-20 (N-P-K) at planting. An additional 50 kg N ha· 1 as NH-lNO, were

applied at the four leaf stage. Each plot was 4.5 m x 4 m. Seed of corn hybrid

Pioneer 3921 was planted in six rows with a row spacing of 0.75 cm, giving a tinal

plant density of 66,666 plants ha- ' . Seeding was conducted on May 29 and the plants

were harvested on Dctober 22. 1994. The corn plants received only rainwater and no

herbicides were applied. Hand weeding was applied when necessary. The total

monthly precipitation, and temperatures during the 1994 growing season and 30 years

average are given in Table 10. 1.

Four PGRs (IAA at 1.5 mg Loi, ABA 1 mg L- I
• ethephon 15 J.LM. salicylic

acid at 1 mM) plus a distilled water control, and two levels of sucrose (150 g L- I and

a distilled water control) were combined in a 5 by 2 factorial randomized complete

block design with three blocks. Injection treatments were randomly assigned to plants

in the two middle rows of each plot and each was applied to one plant within these

two rows. AlI test solutions were prepared in a sterile environment and stored in a

refrigerator until use. In order ta prevent the photooxidization of IAA. the [AA

solution was stored in a brown bottle and the injection apparatus for IAA was covered
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by aluminium l'ail when in use in the tïeld.

A full description of the stem injection system can be found in Zhou and S mich

(996). Brietly, a flexible plastic tubing (i.d. 0.8 mm, o.d. 2.4 mm) (Tygon. Norton

Co., Akron, OH, USA), a 21 gauge and an 18 gauge standard disposab1e hypodermic

needle (Becton Dickinson, Rutherford, NI, USA) were used to construct the delivery

system. The injection end of 18 gauge needle was inserted into the top of the tubing.

Masking tape was wrapped around the connection site between the L8 gauge needle

and the tubing ta form a cup shape which was tïlIed with latex (Vultex. General Latex

Canada, Candiac, Québec, Canada). The top end of the 21 gauge needle, with the

plastic portion removed. was inserted into the bottom of the tubing and sealed with

white silicon sealant (GE Silicones Canada, Pickering, Ontario, Canada). The tubing­

needle system was applied in the tïeld and allowed to stand until the silicon and the

latex were completely dried (approximately five days). Before the injection

commenced, 21 gauge needle described above was inserted downward into the

intemode below the ear, 5 cm below the node which gave rise ta the ear shank. In

order to prevent leakage and damage by wind, masking tape was applied ta corn stem

to form a cup around the injection site; this was tïlled with latex, which was allowed

to dry for several days. The other end of tubing-needle system was taped to stem

above the injection point during the time the later was drying. The upper plastic

portion of the 18 gauge needles were covered by masking tape until the injection

started. Severa1 standard (22.5 X 8.5 X 7 cm) ceramic three-hole construction bricks

(approximately 2.7 kg each) provided a pressure source and two 2.4 metre (1.25 cm

o.d.) steel pipes provided support for the bricks. These two steel pipes were

hammered into the sail beside the test plants prior to injection, and a piece of

plywood fixed at the desired height provided a platform ta hold a test-solution tïlled

60 mL syringe, which connect to the top of the 18 gauge of the tube-needle systelTI.

with the bricks resting on the syringe plunger. The bricks provided a constant

pressure ta force the tested solutions into the corn stems over a six week periode

Injection was initiated one week after silking (August 3, 1994) and continued

for forty-two days. The solution volume in the syringe was observed and recorded
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daily; the decrease in solution volumes indicated uptake by the injected plants. Two

or three of the stem injection attempts showed signs of leakage or blockage. This

problem was overcome by establishing an additional injection site on the intemode

above the ear. If leakage or blockage of the first injection setup was detected. the

experimental treatments were immediately switched to the second injection site.

Photosynthesis was measured on ear leaves at 24 hours and one week after

injection. At harvest, the number of rows per ear, the number of seeds per row. ear

size (width and length), stover (leaves plus stalks) dry weight. injected internode dry

weight, and grain yield were measured. AIl plant tissues were dried to a constant

weight then weighed. Grain was sub-sampled and ground with a \Viley mil1 (A.H.

Thomas Co., Philadelphia, PA. U .S. A) to pass through a 2 mm sieve for N

determinations by the Kjeldahl method (Bradstreet. 1965). Ground tissue samples

were digested with H2SO.J and Kjeltab catalyst. distilled (Tecator. H6ganas. Sweden).

and titrated with 0.05 M Hel.

The data were analyzed with the GLM procedure of the SAS package (SAS.

1985) according to Steel and Torrie (1980). When the GLM analysis indicated their

presence, differences between means were determined by a protected least signi ficant

difference (LSD) test at the 0.05 level. In general, differences are reported at the P

~ 0.05 level. However, sorne differences at 0.1 level are discussed; in these cases

the P values are given in the text. Because injected distilled water and non-injected

plants were not different for ail measured variables. the distilled water injected plants

were used as the controls in this study.

10.4. Results and Discussion

10.4.1. Uprake volumes

The injection period lasted forty-two days. The uptake volumes of plants

injected without sucrase were 42 mL more than those injected with sucrose (Table

10.3). A similar result was reported previausly by Zhou and Smith (1996). OveralI.

injected plants took up an average of 290 mL of tested solution, which was equivalent

to 7 mL per plant per day. The injected volumes were greater than in our previous

study (Zhou and Smith, 1996). Two factors may have contributed to this difference:
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i) the reiatively dry and warmer than normal weather during the 1994 growing season

probably enhanced the uptake volumes due to elevated evapotranspiration rates (Table

10.1); ii) we started the injection one week after silking in this study whiIe in the

previous study injection was begun 15 days after silking. We noted in the previous

study that the cessation of uptake coincided with physiological maturity. and

suggested that this may have been caused by decreasing plant metabolism at this

stage, or rapid production of senescence-related tissues. such as callus-like deposition

in abscision layers, leading to tïnal complete blockage of the injection sites (Zhou and

Smith, 1996). This also appears to have been the case in the current study. The total

volumes of solution injected were not signiftcant as a covariable for grain yield and

grain N concentration in this experi ment.

10.4.2. Phorosynrhesis

Plant growth regulators can affect photosynthetic CO} uptake either by

regulating stomatal aperture, by affecting photosynthetic activity at the chloroplast

level or both. There were no differences among treatments for photosynthetic rates

twenty-four hours after injection (data not shawn). Net photosynthesis. transpiration,

intercellular CO2 concentration and stomatal conductance were affected by both PGRs

and sucrase by one week after the commencement of injection (Table 10.2). In most

cases, plants injected with PG Rs alone had higher photosynthetic rates than plants

injected with PGRs in combination with sucrose. The exception \Vas the combination

of sucrase and SA, which stimulated stomatal opening and photosynthesis relative to

control plants or plants injected with sucrose alone. Injection of SA alone stimulated

stomatal opening and increased transpiration one week after the onset of injection in

comparison with distilled water or sucrose injected alone. Rai er al. (1986) reported

that SA reversed ABA-induced stomatal closure. We measured an increased

intercellular CO, concentration for most treatments that injected with PGR and

sucrose together. However, the combination of SA and sucrose had the reverse

effect. The increased photosynthetic rate with low intercellular CO] indicated that

this combination may have caused the plants to utilize the available CO2 inside the

leaf more effectively. Conversely, injection of the combination of ABA and sucrose
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caused the lowest net photosynthesis, but the highest intercellular COz concentration,

suggesting a decreased CO2 uptake rate inside the leaf. Neither IAA nor ABA alone

affected photosynthetic activity during the period of photosynthesis measurement when

compared with distilled water treatment. The lack of effects of ASA or IAA on

photosynthesis have been reported for other species. Arteca and Tsai (1988) found

that the short-cerm pulses of ASA (via root application) to tomato transplants cauld

reduce photosynthesis and transpiration for four days. but by the sixth day there was

no difference between ASA treated plants and untreated contraIs. The study by

Robinson et al. (1978) showed no effect of IAA on the rate of C01 tixation by

isolated chloroplasts.

Sucrose injection induced stomatal closure and decreased transpiration rates

relative to distilled water injection. Increased assimilate in the chlaroplast, resulting

from the exogenous supply of sucrase. probably explains the stomatal closure.

In this study we observed that the ear leaves of sorne plants injected with

combinations of PGRs and sucrose became red one week after injection. However.

there were no leaf calour changes for the plants injected with sucrose alone or with

only distilled water. In our previous study. in 1993. we found a similar change of

leaf colour occurred on ear leaves or the leaves just above the ears for plants injected

with sucrose alone. The leaf colour change was more apparent on plants injected

with a higher sucrase concentration (300 g sucrase L- I
) than those injected with a

lower sucrose concentration (l50 g sucrase L- l
). The reddening colour on these

leaves was associated with early leaf senescence. Several factors may contribute to

the much reduced leaf reddening in our current study: 1) the only sucrose

concentration used in our current study was 150 g sucrose L-(, while the mast obvious

reddening in the previous study was associated with injection of 300 g sucrase L- ' : 2)

the long term injection of combination of PGRs and sucrose may change metabolism

in the plants; and 3) the warmer and drier than normal weather in 1994 probably

caused sorne water stress or heat stress on the plants growing in that year (Table

10.1); 4) the difference in the duration of injection (42 days in this study vs 32 days

in the previous study).
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/0.4.3. Dry \veighr, yield componenrs and grain N concenrrarion

Since there was no interaction between PGRs and sucrose. only the main

effects of PGR and sucrase concentrations are presented.

The injection of ethephon and SA altered total dry weight per plant.

Compared with the treatments injected with no PGRs (distilled water and sucrose).

injection with ethephon decreased total dry weight by 13 % while SA increased it by

9% (Table 10.3). There were no effects of injection with PGRs on injection

intemode or stover weight.

Sucrose injection increased stover production by 13 %. relative to the

treatments without injected sucrose. Injected sucrose increased the dry weight of the

injected internodes by an average of 1.2 g per plant. compared to the treatrnents

without injected sucrose. A similar increase in the dry weight of the injected

intemodes was found in our previous study (Zhou and Smith. 1996). This increased

dry weight for injected internodes may be due to a sink limitation in the developing

ear, leading to stalk accumulation of sucrose (Hume and Campbell. 1972). and/or a

wounding response. which causes insoluble compounds such as cellulose or lignin to

accumulate at the injection site (Tarpley er al., 1994).

Injection with PGR solutions only affected ear size (width and length) at the

0.1 level of probability. There was no effect on kernel nllmber per row due to

injection of PGRs (Table 10.3). The peduncle perfusion of ethephon did not alter

kernel numbers in barley plants (Foroutan-pour el al.• 1995). Sucrose injection

caused a small increase in kemel numbers per row (P ~ 0.1). Since kemel nllrnber

is set before tasseling while injection started one week after silking. the lack of

difference in kemel numbers rnight have been expected. However. there was the

possibility of reduced kemel abortion due to the applied treatments. but this did not

occur in our study.

In the absence of signitïcant lodging, Langan and Oplinger (1987) reported

there were reductions in corn yield. yield per ear and kernel weight due to ethephon

application. In our study, plants injected with ethephon produced the lowest average

kernel weight, which was 13 % lower than plants injected with no PGRs. The 1994
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growing season was warmer and drier than normal (Table 10. L). Ethephon has been

suggested to aggravate stress conditions leading to grain yield reductions (Ma er al..

1994b). Reduction in grain yield due to injection with ethephon may be related to a

reduction in weight per kemel (Langan and Oplinger, L987). [n contrast, Forolltan­

pour et al. (1995) found that application of ethephon through a pedllncle perfusion

method did not effect kemel weight or grain yield of barley plants.

Plants injected with SA produced 9 % more grain than sucrase and distilled

water treatments, respectively. Since the corn population did not vary in this study

and each plant had only one ear, the increase in grain yield due to injection of SA had

to have been the result of either an increase in the number of the kernels per row or

on the size of kernels produced. However. there was no statistically detectable

increase in either of these two variables. The number of kernels per ear (based on

the number of kernels per row) did show a numerical increase. which the yield

increase suggests may have been real, although below the level of statistical detection.

The weight per kernel values for SA injected plants and those not injected with SA

were almost identical. Singh and Kaur (1980) found that pod number and yield in

mung bean were increased by application of SA.

Neither PGRs nor sucrose changed the grain nitrogen concentration of injected

plants. Injection with ethephon did not altered grain nitrogen concentration. which

contïrms the results of Norberg er al. (1988). A similar tinding was reported for

wheat (Triricum aesrivlIIll L.) by Mohamed er al. (1990). However. Ma er al.

(1994b) and Foroutan-pour er al. (1995) showed that the application of ethephon by

peduncle perfusion increased the grain protein concentration of barley while injection

of ABA decreased grain protein concentration, compared to distilled water controls.

We did not observe any effects on dry weight. grain yield and grain N

concentration due to injection of [AA or ASA. Bousquet er al. (1990) did not find

any relationship between ASA content and grain weight in wheat. while Foroutan­

pour et al. (1994) demonstrated that infused ASA decreased total seed weight and

grain N concentration in barley. Bangerth et al. (1985) found a positive correlation
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between IAA concentration and dry weight accumulation rate in wheat grain. A study

with hydroponically grown tomato plants showed that root application of IAA had

either no effect on photosynthetic rate. and total plant dry weight. or an inhibitory

effect was observed (Dong and Arteca. 1982). The Jack of consistent results among

previous research reports and the Jack of previous work on long term injection of [AA

or ASA on grain productivity and grain N concentration indicated a need for further

study.

10.S. Conclusions

Our data suggested that stem injection makes possible the study of changes in

plant physiology during grain-tïlling due to the addition of PGRs and sucrase. For

grain yield. SA had an effect by itself. but here was no effect of sucrose. and there

was no interaction with sucrose. However. for photasynthesis. there was a signitïcant

interaction, the injection of the combination SA and sucrase was higher than either

alone. Environmental stresses may have aggravated the effects of ethephon. leading

to a grain yield reduction. The injection of IAA or ABA did not alter injected plant

photosynthetic activity and productivity. This study provided evidence that injection

of sorne PGRs. with or without sucrose can alter photosynthetic rate and grain yield.
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Table 10.1. Monthly mean precipitation and temperature for 1994 growing season and 30 years average.

Precipitation Temperature

June July August September October June July August SeptemberOctober

(mm) ( Ile)

1994 143.8 50.6 84.6 67.2 19.8 19.1 21.8 18.2 14.8 9.4

Averaget 82.5 85.6 100.3 86.5 75.4 17.9 20.8 19.4 14.6 8.3

t30-year average.
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Table 10.2. The interaction tvleans ear leaf net photosynthesis.
transpiration, intercellular CO2 concentration for injected corn plants
one week after injection.

Treatments net Transpiration InterceIlular Stomaral
photosynthesis (mmol m'] sol) COz conductance
rate concentration (mmoI mol

(p.rnol cm-2 S·I ) (ppm) s' t)

Ethephon +Sucrose 6.5 1.4 212.4 57.9

Ethephon 23.4 2.8 112.2 126.9

IAA +Sucrose 6.3 2.1 274.3 83.1

IAA 12.6 2.6 216.6 120.0

ABA+Sucrose [,7 1.8 357.5 66.1

ABA 7.9 2.1 258.0 86.7

Salicylic acid 24.7 3.0 102.6 125.0
+Sucrose

Salicylic acid 15.1 3.4 226.3 156.6

Sucrase 7.8 2.4 256.9 99.3
:-

Distilled water 14.4 2.4 158.9 97.'+

LSD/ 6.2 0.7 56.9 38.5

LSDb 3.9 0.4 35.9 2.+ . .3

LSDc 8.8 80.4

Significance of
Factors

PGR' ** '" ** .,.

Sucrase * >;< '" .,.

PGR X Sucrase * NS ** NS

**. * different at 0.01 and 0.05 probability I~vds. r~sp~~tivdy: NS = nor
signiti~ant hetween 0.1 and 0.05 probability levd. t LSD.I is for ~omparison

within plant growth regulators: LS Db is for ~omparison of means of sUl.:rose
and without sUl.:rose: LSOe is for ~omparison of means for the interal:tion
between plant growth regularors and sUl.:rose. § plant growth regulatllrs.
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Table 10.3. The ~ffel.:ts of inj~~t~d plant growth r~gulators (PGR) and SUl.:nlS~ on uptak~ vnlum~s. Jry
matter distributions and yield ~ompon~nts.-
Treatments Uptake Ear Ear K~rnels Inj~~tion Stover W~ight Grain Total' ~

volumes widths length raw· l internode weight kernel· l weight weight (Cf )
(ml) (I.:m) (I.:m) weight

g plant' l

Ethephon 299 13.8 17.7 39 5.8 86.7 0.29 113.0 228.6 1.65

ABA 294 14.3 18.1 39 7.6 99.4 0.29 132.4 271.6 l. 75

IAA 296 14.4 17.9 38 6.8 96.4 0.29 133.6 268.7 1.65

Salicylic add 278 14.3 18.8 40 7.6 104.0 0.31 145.2 291.1 l.65

without PGRs' 281 14.1 18.0 39 6.8 95.1 0.30 129.9 262.5 1.62

LSDo.05 68 0.1 0.8 2 1.5 13.6 0.03 13.5 26A 0.18

Sucrose 269 14.3 18.3 39 7.5 100.3 0.29 13l.0 270.7 1. 70

Without 311 14.0 17.9 38 6.3 92.3 0.29 129.6 ~58.5 l.64
sucrase

LSDo.œi 20 0.3 0.5 2 0.9 8.6 0.02 8.5 16A 0.11

PGR NS 0.1 0.1 NS NS NS '" :e::* SS

Sucrose * NS NS 0.1 :II: :e:: NS ~S ~S \TS

PGR*Sul.:rose NS NS NS NS NS NS NS NS NS \iS

**, * different at 0.01 and 0.05 probahility levels. respectively: NS = no signitkant h~twe~n 0.1 and
0.05 probability level:§ plant growth r~gulawrs:1 the total weight of stlwer. grain w~ight. husk anLi
cobs.
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Preface to Chapter Il

Chapter Il is comprised of material from a manuscript prepared by myself.

my supervisor Dr. D.L. Smith and two other co-authors, Dr. A.f. MacKenzie and

Dr. C.A. Madramootoo for publication in the Journal of Plant Nutrition in 1997.

The format has been changed to be consistent within this thesis. AU 1iterature cited in

this chapter is listed in the reference section at the end of this thesis. Each table or

figure is presented at the end of this chapter.

The previous four chapters demonstrated that injected sucrose, sucrose in

combination with plant growth regulators, or plant growth regulators a10ne affected

photosynthesis and the pattern of dry matter distribution within corn plants. Nitrogen.

as the most important macronutrient in crop development, can alter N accumulation

and distribution within corn plants. Thus, in this chapter we investigated the effects

of sink proximity and strength on the distribution of N added via an artiticial source.
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Chapter Il

Distribution of 15N-Labeled Urea Injected

into Field-Grown Corn Plants

Il.1. Abstract

Nitrogen assimilate supply to developing corn (Zea ml/Ys L.) ears plays a

critical role in grain dry weight accumulation. The use of stem-perfused/injected 15N

labeled compounds to determine the effects of an artificial N source on the subsequent

distribution of injected N and grain weight of tield grown corn plants has not been

reported previously. Our objective was ta assess the distribution of N added via an

artificial source. Three soil N fertilizer levels (O. 180 and 270 kg N ha- 1
) and three N

solutions (distilled water control and t5N enriched urea at 15 and 30 mM N) were

arranged in a split-plot design. Three N concentrations were injected llsing a

pressurized stem injection technique. The injection started tïfteen days after silking

and continued until immediately prior to plant physiological maturity. The average

uptake volume was 256 mL over the 30-day injection period. The N supplied via

injection represented 1.5 to 3% of the total plant N. Neither soil applied N fertilizer

nor injected N altered dry matter distribution among plant tissues. As the

concentration of the injected solutions increased N concentrations increased in the

grain and upper stalks, while % 15N atom excess in ear+ 1 leaves and leaves increased

as the N concentrations of the injected solutions increased. The relative degree of l'N

enrichment for each of the tissues measured was: injected internode > grain > upper

stalks > leaves > lower stalks > cob > husk > ear+ 1 leaf > ear leaf. This study

indicated that the exogenous N supplied via stem-injection. was incorporated into ail

the measured plant parts, although not uniformly. The distribution of the injected 15N

was affected both by the proximity of sinks to the point of injection and the strength

of the various sinks. The lack of increase in grain N concentration as soil N fertility

increased, combined with the increase in grain N concentration as the concentration of

the injected N solutions increased demonstrated that the ability of the plant roots ta

take up N from the soil was more limiting to grain N accumulation than was the

ability of grain to take up N from the rest of plant.
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11.2. Introduction

Assimilate supplY to the developing corn (Zea mays L.) ear is an important

determinant of grain yield. Although carbohydrates are the major components of corn

grain, the supply of N aIso plays an important role in grain dry weight accumulation

(Below et al.. 1981; Reed et al.. 1988). Nitrogen fertilizer. applied to the soil or

foliage, after anthesis has been shown to greatly increase the grain yield and the

protein content of crop plants (Below et al. 1985; Bulman and Smith, L993). Below

et al. (L985) reported a higher net recovery of added N in corn when 15N urea was

foliar applied after anthesis than before anthesis.

Nitrogen partitianing is affected by bath source capacity and sink capacity.

When the grain sink was limiting (Uhart and Andrade, 1991: Reed er al.. (988)

greater leaf and stem N accumulations occurred. and canversely. greater vegetative N

remobilization occurred when the source was limiting (Reed er al.. (988). [n

addition, N assimilates from sources (such as leaves) was often translocated

preferentially ta nearest sink (grain) (Daie, L985). During the grain tilling period the

grain itself is the strongest sink for both photosynthate and N (Pate, L980).

Foliar and root applications of N have been used ta overcome specitïc N

deficiencies in horticultural or agronomie corps (Peterson and Frye. 1989). However,

in biochemical pathway or physiologicaI studies. foliar or root application of organic

(such as sucrose) or expensive (such as isotope labeled materials) substances may be

inappropriate. The stem infusion method was developed to supply small quantities of

substances to plants. to study aspects of plant physiology without the erratic uptake

experienced with leaf abrasion and spraying. or the plant regulation of uptake

following soil application. Previous stem infusion techniques have provided effective

ways to supply small amounts of sucrase directly ta corn plants, but only for brief

periods of time (Boyle et al., 1991 a; Boyle er al.. 1991 b; Ma er al.. 1994a). [n arder

to overcome the short period of stem perfusion, Zhou and Smith (1996) developed a

pressurized stem injection system for tïeld grown corn plants which invo1ved a

simple, efficient and inexpensive method that is easily used in the tïeld or greenhouse.
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Using a peduncle perfusion technique, Ma et al. (1994c) supplied 5% atom enriched

lSN into barley plants (Hordeum vu/gare L.) after spike emergence. They found that

perfusion supplied N increased grain N concentration and that the '.iN tracer was most

concentrated in the chatT while the grain. tlag leaf and peduncle had similar % atom

lSN excesses, demonstrating that peduncle-perfused N was transported and

incorporated into aIl plant parts. but was preferentially incorporated into structures

immediately adjacent ta the grain.

The use of stem-perfused/injected labeled I.iN compounds to determine the

effect of this artiticial N source on the subsequent accumulation and distribution of

dry matter and injected N in tield grown corn plants has not been reported before.

Nitrogen is a readily mobile macronutrient and is suitable for testing this technique.

Thus, our objective in this study was to assess the distribution of N added via an

artificial source relative to the various N sinks.

11.3. ~Iaterials and methods

The experiment was conducted at the Horticulture Research Station of the

Macdonald Campus of McGill University, Québec in the summer of the 1993. The

field was used for vegetable and sweet corn production in the year prior to this

experiment. The soil type in the experimental plots was St. Bernard loam (tine

loamy, mixed t nonacid. frigid, typic Eutrochrept) soil. Before planting 40 kg ha- I N­

P20S-K20 (5-20-20) was hand broadcast onto the plots, according to a soil test.

Each plot was 4.5 m x 2 In with six rows of corn plants. Corn hybrid Pioneer

3921 was sown on 22 May and harvested on 4 October. 1993. Corn seeds were

planted in rows 0.75 m apart, with 0.20 m between plants within rows. This gave a

corn population at 60,000 plants ha· l
. Weeding was done by hand when necessary.

Since N fertilizer status can affect overall plant growth and thus the injection

fluid uptake rate, fertilizer N level was included as an experimental factor.

Ammonium nitrate was applied at O. 180. and 270 kg N ha- I at seeding. The

experiment was arranged as a split-plot factorial with three blocks. Soil N fertility

rate was the main-plot factor, and injected N solutions (0, 15 and JO mM N urea) was

the sub-plot factor. Distilled water-injected and non-injected plants were included as
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contraIs. The injected N source was 5 % [:iN atom excess. double-Iabeled I~N urea

(ISOTEC rnc, Miamisburg. OH).

A stem injection system, as described by Zhou and Smith (1996). was started

15 days after silking and continued until a few days prior to plant physiological

maturity, a period of 30 days. Brietly, a tlexible plastic tubing (i.d. 0.8 mm. o.d. 2.4

mm) (Tygon, Norton Co., Akron. OH, USA). a 21 gauge with the plastic portion

removed and an 18 gauge standard disposable hypodermic needle (Becton Dickinson.

Rutherford, NI. USA) were used to construct the delivery system. The injection end

of the 21 gauge needle was inserted into the top of the tubing and sealed with silicon

seaIant (GE Silicones Canada, Pickering, Ontario. Canada). The 18 gauge needle was

inserted into the bottom of the tubing. Masking tape was wrapped around the

connection site between the 18 gauge needle and the tubing to form a cup shape which

was filled with latex (Vultex. General Latex Canada. Candiac. Québec. Canada). The

tubing-needie system was applied in the field until the silicon and the latex were

completely dried (approximately tïve days). When the initiation of injection. the 21­

gauge needle connected to the end of the needle-tubing system described above was

inserted downward inta corn internode (below ear internode). Several standard (2:2.5

X 8.5 X 7 cm) ceramic three-hole construction bricks (approximately 2.7 kg each)

provided a pressure source and two 2.4 m (1.25 cm a.d.) steel pipes provided support

for the bricks. These two steel pipes were hammered into the soil beside the test

plants before injection, and a piece of plywood tïxed at the desired height provided a

platform to hoId a 60 mL syringe which connected to the luer-Iok of 18 gauge needle

described above, with the bricks resting on the syringe plunger. The test solution was

filled in 60 mL syringe before injection. The bricks provided a constant pressure to

force the tested solutions into the corn stems. The reduced volumes in the syringe
~ ....

were recorded daily as the uptake volumes.

At harvest, each corn plant was cut and separated into ear leaf, leaf just above

ear (ear+ l leat), other leaves (not incIuding ear leaves and ear+1 leaves), injected

internode, upper stalks (above the injection internode, including leaf sheaths). lower

stalks (below the injection intemode. incIuding leaf sheathes), grain. husk and cob.
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An plant parts were dried to a constant weight at 90°C, and the dry weight of each

plant part was measured.

AlI dried plant samples were ground with a Wiley mill tïtted with a 1 mm

sereen. Total N was determined using Kjeldahl analysis (Tecator. Kjeltec System 20.

Sweden). Plant tissue samples were digested in the concentrated H:?SO~ plus 6.8 g of

catalyst (3.5 g K2S0~ per 3.5 mg Se) for 90 min. Digested samples were then

distilled and titrated with 0.05 M HCI for total N determination. The titration

solutions were subsequently aciditïed and used for 'SN analysis. Ta avoid sample

cross contamination during the steam-distillation process, the distillation unit was

flushed with distilled water for th ree minutes between samples. A volume of Kjeldahl

distillate solution calculated to contain approximately 7 j.Lg of N was placed into a 15

em length glass tube (6 mm. o.d.). AlI samples were oven dried at 90 oC. A

catalyst (CuO) and a drying agent (CaO) were added to the glass tubes and the tubes

were sealed under vacuum. and baked in an oven at 500°C for 4 to 6 hours. to

oxidize the NH) to N2 gas. The % 'SN atom enrichment in the samples was

determined by emission spectroscopy using a 1ASCO N-150 I:'iN analyzer (1 ASCO.

LTD, Tokyo, lapan). The details of the sample drying process and the determination

of % 'SN atom enrichment were as per standard methods (Preston er al.. 1981: l'vlartin

et al. 1 L991). The % atom 15N excess for each sample was calculated from the

difference in the % atom 15N enrichment of the injected plants and the level in the

distilled water control plant in the same plot.

Statistical analyses were conducted with the PROe GLM procedure of the SAS

Package (SAS rnc, 1985), according to Steel and Torrie (1980). Comparisons

between means were made with a GLM analysis protected LSD test at the P S; 0.05

leveL. There were no applied N fertilizer X injected concentration interactions or

main effects of soil applied N levels for aU measured variables, 50 main effect means

of the injected urea 'SN levels were pooled over the three applied sail N levels. Since

the measured variables were not different between the non-injected and distilled water

injected plants, ooly data from the distilled water-injected controls are presented.

11.4. Results and discussions
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Il.4.1. Injection volumes and supplied N

There were no differences in injection volumes among the three injected N

levels (Table 1l.1). The average uptake volume by corn plants was 256 mL during

the 30 day injection period. This result was different from that of Ma et al. (1994c)

who found that distilled water was more easily delivered to barIey plants than N

solutions. We assumed that this Iack of difference in injection volumes among

solutions of different concentrations was due ta the different supply methods

(perfusion in their study versus pressurized injection in our study). and perhaps aIso

to differences between the two crop species (primarily differences in plant size and

stem structure). During the 30-day injection period. the amollnts of stem-injected N

were 52.7 and 120.3 mg N per plant for the 15 and 30 mM N solutions. respectively.

which represented 1.5 and 3 %. respectively. of total N in the plants (Table Il. 1).

11.4.2. Dry marrer production and N accumularion

Neither the applied soil N fertilizer nor the injected N caused any difference in

dry matter accumulation or distribution within plants when compared with the

appropriate controls (data not shown). The average total biomass of the corn plants

was 279.8 g per plant. The lack of dry matter weight response to applied soil N

fertilizer was probably due to a high sail N content in the experimental tïeld. which

was used for horticultural crop production prior to the experiment. In addition. corn

grain N concentration in the past has been used ta help explain corn responses ta N

fertilizer practices and management. The grain N concentration in the 0 N control

treatment was not different from the plots which received N fertilizer (15.8 g kg- l

verse 16.9 g kg· l
, respectively). The lack of N fertilizer addition or N injection effect

on corn plant growth indicated that ollr injected N wOlild act as a new N source but

that its presence would not alter the pattern of sink strength. by allowing additional

growth due to alleviation of N limitation. This situation allows direct comparison

between the various injection treatments.

Stem-injected N increased the N concentration in the injected internodes and

grain by 100 and 15%, respectively. relative ta the distilled water. The average N

concentration for the grain was up ta 2.3 g kg- l higher than that of distilled water
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injected control plants (Table 11.1). However, there was no difference in N

accumulation and distribution within plants between the 15 and 30 mM injected N

concentrations although the amount of N supplied by injection of the 15 mM N

solution was half that supplied by the 30 mM N. The N concentrations of grain. ear

leaf, ear+ l, leaves and injected internode for ail N treatments were higher than other

vegetative tissues (upper stalks and lower stalks) and non-grain reproductive structures

(cob and husk).

The observation that grain N concentration did not increase as the levels of

added soil N increased from 0 ta 270 kg ha- ' indicates that the ability of corn roots ta

take up N was saturated in this soil. However, the measured increase in grain N

concentration as the N concentration of the injected solutions increased suggested that

the ability of the grain to take up N was not saturated in this sail. This demonstrates

that grain N accumulation was more limited by the ability of the plant roots to èxtract

N from the soil than by the ability of the grain to extract N from other plant tissues.

This was previously demonstrated for indoor grown barley plants (Foroutan-pour el

al.• 1996).

1J. 4. 3. Nirrogen-15 distribUlion among pianI tissues

The % atom 'SN excesses were higher for aIl tissues of the I.~N injected N

treatments than the distilled water injected controls, indicating that stem-injected L'iN

was incorporated into aIL measured plant parts during the injection period (Table

11.2). The % atom lSN excess values varied among plant parts, demonstrating that

injected N was not uniformly incorporated within plants. Injection of 30 mM N

resulted in % atom 'sN excess in ear+ 1 leaves and other leaves (not including ear

leaves and ear+ L leaves) that were 0.04 and 0.08. respectively. greater than in the

same structures which the plants were injected with 15 mM N.

The lowest % atom 'sN excess value occurred in ear leaves while the highest

total N concentration e';N plus J.~N) occurred in these leaves. For treatments injected

with N, the % atom 'SN excess was highest in the injected internode (0.5 % on

average for ail injected N treatments). The reminder of the plant tissues ranked for %

atom lSN excess as follows: grain > upper stalks > leaves > lower stalks > cob >
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husk > ear+ 1 leaf > ear leaf. Thus. injected intemodes. as a prirnary receiver of

the exogenous N source. may have served as a storage organ for urea-derived N.

which could be relayed ta ear. The higher % atom l;N excess in grain and upper

stalks further supported the role of both grain and upper stalks as storage organs

(sinks) for injected N. Since the leaves are the fundamental site for photosynthate

production, a large amount of N also accumulated in the leaf tissues. The % atom

lSN excess N in the non-grain reproductive structures was much lower than in the

grain. This is probably because the grain was the most active sink during the

injection period (Daie, 1985). However, this tinding differed from the work using

barley (Ma et al. J 1994c) for which the highest N enrichment were found in the chatT

The distribution of the injected N was apparently affected by both sink strength

and sink proximity by the source. The injected internode was more I~N enriched than

the grain, although the tïlling grain was probably a much stronger sink (Pate. 1985).

The grain, the cob, the husk and the ear leaf were aIl sinks of about equal proximity

to the injection site, yet the strongest sink. the grain, was much more enriched in ::'N.

The heavy enrichment of the upper stalks may represent N storage in that sink. The

timing of sink demand would also have played a role in liN distribution. The bulk of

the N in leaf and husk tissues occurs as ribulose bisphosphate carboxylase. PEP

carboxylase and photosystem proteins, which would have been largely in place by the

time injection was begun. However, at the onset of injection grain sink strength was

just developing.

Il.S. Conclusion

The exogenous N supplied via stem-injection. was incorporated into all

measured plant parts, although not uniformly. The stem-injected N did not alter

overall plant growth, but affected the % l.'iN distribution among plant issues. Both

sink strength and sink proximity play a role in the distribution of injected N.
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Table Il.1. Effects of stem-injecled N concentrations on the uptake volumes, amount of stem-supplied N and the concentration
of N in corn plant tissues.

Injected N uptake injected N injected upper lower ear leaf ear+ 1* leaves Husk cob grain
concentration volumes inlernode stalks stalks

mL mg g kg- '

--
distilled waler 227 NA 6.3 at 4.7 b 5.3 a 16.5 a 17.4 a 14.4 a 6.3 a 3.7 a 14.9 b

15 mM N 256 53.7 12.1 a 7.7 a 6.5 a 18.4 a 18.6 a 15.7 a 4.9 a 5.0 a 17.0 a

30 mM N 286 120.3 13.6 a 7.7 a 6.4 a 19.1 a 16.2 a 15.0 a 4.1 a 5.6 a 17.4 a

NA t not applicable. t Variable means followed by the same Iclter were not significantly differcnt (rom each otller at P S; a.os
level by a GLM protected LSD test; :t: Represents the Icaf just abovc car.
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Table Il.2. Effects of stem-injected N concentrations on % atom 15N excess in corn plant tissues at harvest.

Injected N injected upper lower ear leaf ear+ 1* 1eaves Husk cob grain
concentrations internode slalks stalks

%

distilled water 0.0 bt 0.0 b 0.0 b 0.0 b 0.0 c 0.0 c 0.0 b 0.0 b 0.0 b

15 mM N 0.57 a 0.09 a 0.11 a 0.04 a 0.05 a 0.07 b 0.06 a 0.09 a 0.13 ,\

30 mM N 0.39 a 0.17 a 0.07 a 0.06 a 0.09 b 0.15 a 0.09 a O. ID a 0.2H a

Î Variable means followed by the saille leller were not significanlly diffcrent from cach other al P ~O.05 levcl
by a GLM protected LSD test; *Represents the Icaf just above car.
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Chapter 12

General Discussion

Management of bath fertility and water management is important for eftïcient

crop production. The availability of N in corn production systems plays a critical

role in promoting higher grain yields and, also the risk of environ mental pollution.

When N was applied in excess of corn crop requirements, the potential for nitrate

leaching From sail and subsequent contamination of groundwater increases. To

minimize nitrate leaching, crop management practices which minimize the size of soil

nitrate pools remaining in the soil after corn harvest should be employed.

More efficient use of resources is a major motivation for intercropping (Ofori

and Stem. 1987) and this objective is achieved by managing the way component crops

campete for available light, water and nutrients. Thus. intercropping has the potential

ta increase N use efficiency in crop production (Juergens-Gschwind, 1989). During

the two years of our study, under the sail and climatic conditions of sauthwestern

Quebec, the corn-forage grass (annual ryegrass) intercrop system demonstrated an

ability to minimize the negative effects of high applied N rates (270 kg ha- l
) while

maintaining corn grain yields (chapters 3, 4 and 5). The intercrop system produced

more total aboveground dry matter than the monocrop corn system and reduced sail

N03·-N in the top 1 m of the soil protïle after corn harvest (chapter 5). This

reduction was due ta greater N accumulation by plants of the intercrop system

(chapters 3 and 4) (Yadav, (982). However, a large amount of sail N03'-N was

present in the sail profile after corn harvest when applied N rate (270 kg N

ha· l
) exceed the recommended rate for the area (chapter 5). In addition, in our study.

the second successive year of the high N fertilizer application (270 kg ha- I
) resulted in

the soil N03--N pool in the inrercrop system was as high as monocrop system with

applied recommend N rate (chapter 5). Perhaps, this is due to soil N03--N

accumulation over time~ even in intercrop system, or mineralization of corn, ryegrass.

and weeds during the second season. The data of chapter 3 demonstrated that the

high N application rate (270 kg ha- l
) did allow production of considerable ryegrass

plus weed biomass, which would provided long term benetït by aiding in maintaining
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soil organic matter levels. However, the ryegrass and weeds were not able ta take up

enough of this extra added N ta completely negate the increased risk of nitrate

leaching in the second season if high N rate consecutively applied (chapter 5).

Therefore, the efficiency of the intercrop system for reducing sail N03--N

accumulation after crop harvest can be limited by the need to apply N in excess the

recommend rates, in order to mainrain corn yields.

When two crops were grown together, they always compete for light, nutrients

and water during the growing season (Fukai and Trenbath, 1993). The results of

chapters 3 and 4 indicated that competition for nutrients and water play important

roles in determining corn grain and total intercrop productivity for a corn-annual

ryegrass intercrop system; tinal grain yield, dry matter production and the N uptake

ability of intercrop corn were not affected by the presence of annual ryegrass and

weeds in either year of this study (chapters 3 and 4). The availability of adequate N

(270 kg N ha-I) and water (via subirrigation) to the intercrop system explains the

success of the corn (chapters 3 and 4). Although intercropped corn had lower dry

matter production and N contents of bath leaves and stalks than monocrop corn at the

mid-grain tilling stage, the interspecitic N competition among corn, ryegrass and

weeds did not result in reduced tinal corn dry matter production or N uptake (chapters

3 and 4). AlI of these tïndings supported the postulate that sufticient N supplY

aIleviates the negative effects of interspecitic N competition in intercropping systems.

Resource availability to the dominated intercrop component (annual ryegrass)

is greatly decreased by the dominant (corn) component. Hence, agronomic

manipulation of the corn can strongly effect growth of the ryegrass. For example,

there was 79% less ryegrass dry matter at the final harvest of 1994 than the tinal

harvest of 1993, due to drier weather conditions of 1994. Under the conditions of

our experiment, ryegrass was more sensitive to sail moisture deticit stress than corn

(chapters 3 and 4). Because corn plants are taller than ryegrass, and therefore

compete more effectively for light, the development, including root development, of

the ryegrass was probably restricted under intercrop conditions. Thus, when soil

moisture becomes limiting, corn plants are better able to capture water for plant
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development than ryegrass. The comparable corn grain yields in 1994. a drier than

normal year, and 1993, a year of approximately normal precipitation. further

demonstrates that if growth of ail component crops is equally limited by shortage of a

particular resource. application of that resource normally favours the growth of the

dominant crop. leading ta greater suppression of the dominated crop (Cordero and

McCollum~ L979).

Corn and annual ryegrass vary in their ability to absorb N03'-N from

the soil profile in a com-ryegrass intercrop system. The growth of the dominated

component(s) intercrop (ryegrass) plays a key role in N use eftïciency of the cropping

system, even though the corn was the dominant N user. The establishment of and

sequential N uptake by annual ryegrass greatly depended on the strength of N and

water competition between corn and ryegrass plus weeds. and on environmental

factors (such as precipitation). Poor early ryegrass establishment in 1994. relative to

L993. resulted in lower ryegrass biomass and N accumulation in 1994 than in 1993.

In addition, more vigorous growth of weeds relative to ryegrass in 1994 may also

have depressed the development of ryegrass due to weed competition for nutrients and

soil moisture (chapters 3 and 4). Therefore. both plant establishment and weather

conditions limited the ability of the ryegrass to utilize soil N (chapters 3. 4 and 5).

The greater amount of dry matter produced by the intercrop system not only

increases overall N uptake from the sail and reduced nitrate leaching (Singh el al..

1978; Yadav ~ 1982), but also has the potential to improve soil quality due to the

additional crop residues added to the sail (Juergens-Gschwind, 1989). After corn

harvest, approximately 3 Mg ha- l more plant dry matter was incorporated into the sail

for the intercrop than the monocrop system (chapter 4). Although the benetits from

sail incorporated intercrop residues were not apparent after only two years in our

study, improved soil fertility may be imparted over a longer time frame. Thus. we

can speculate that a yield-enhancing benetit of this system may be present ln the

future.

Nitrogen losses from soil have received a great deal of research attention.

However, aboveground N losses from crop tissues through volatilization of N
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containing compounds should also be considered in efforts to increase N use

efficiency in cropping systems. Over the two years of this study. we observed that

the maximum N accumulations for bath monocrop and intercrop corn were reached at

mid-grain tïlling, rather than at the end of the growing season (chapter 3). It has

been suggested the losses of N from the aboveground biomass are due to N

volatilization from foliage. particularly at higher N fertilizer levels: this decline has

been shawn to occur largely al'ter the reproductive stage (Terman and Allen. 1974:

Crasswell and Martin, L975; Stutte and Weiland, 1978). Thus, when assessing N

lasses From the plant-sail system, not only underground but, also volatile N losses

from aboveground corn plant tissues should be investigated. ~feasllrement and

understanding of aboveground plant tissue 10ss of N are important in understanding N

efficiency in cropping systems.

When we attempt to develop crop management strategies which benefit the

environment while maintaining yield levels, the study methods used must be

economical. Nitrogen-15, as a tracer. allows clear and accurate determination of the

fate of the N fertilizer in agricultural systems (Khanif er al.. 1984; Reddy and Reddy.

1993). However, the cost of 15N is high. This high cost places practical limitations

on such research. The 15N microplot investigation in our work proved that a smal1

confined microplot, with area as small as 0.4 m by 1.15 m could provide a reliable

measure of fertilizer N recovery by corn plants (chapter 6). In addition. lSN data

From this study indicated that corn, in intercrop or monocrop systems had similar

abilities to absorb applied N fertilizer. The increased total N uptake by the intercrop

system (chapters 3 and 4) was due ta the additional uptake of both applied N fertilizer

and mineralized organic sail N by the ryegrass-weed component (chapter 6).

Water table management had little effect on the development of corn and

ryegrass, N use efficiency and total sail residual N accumulation in top 1 m of the

soil profile, during the two years of our study (chapters 3, 4. 5 and 6). Althollgh

increased water table depth was shawn ta enhance soil NOJ--N movement deeper into

the sail and early spring leaching losses~ water table control failed ta increase N

uptake and reduce soil nitrate content. In this study, water table control, via
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subirrigation. could be only maintained at 70 and 80 cm, tor expected water table

depths of 50 and 75 cm, respectively t due to deep seepage. The lack of response to

water table control effects may have been due ta the small differences in water table

depths.

When adequate N supply was available to the intercrop system, the

interspecitic competition for this resource is reduced (chapters 3 and 4); however, ln

the com-annual ryegrass intercrop, competition for light was apparent, with corn. the

much taller crop, effectively out competing the ryegrass. The potential for severe

competition for water is increased by dry weather conditions. Water stress during

corn development can Iead ta considerable yield reductions, especially when it occurs

during grain-tilling stage. [n our greenhouse experiment, we tested the hypothesis

that sucrose supplementation (via stem-injection) of water stressed and well-watered

(maiotain water table at 50 cm from the soil surface) corn plants can prevent

decreased kernel set. The results of this experiment showed that exogenous sucrase

intluenced kemel set only under conditions of sufticient sail water supply, implying

that plant reproductive development after silking was limited more by sorne over ail

change in plant physiology triggered by water stress, than assimilate supply (chapter

9). Water table control can remove excess water from a tield, or can raise the water

level to the crop root zone in order to overcome water stress. Aspects of water

management and its effects on crop physiology need to be investigated.

Both plant growth regulators CArteca, 1996) and the level reduced carbon

available within plants (chapter 8) affect photosynthetic activity, and can alter the

pattern of dry matter distribution (chapter 10). Salicylic acid (SA), a recently

recognized plant growth regulator (Raskin, 1992) promoted stomatal opening by

excised leaves of Commelina communis L. plants (Rai er al., 1986). However.

information regarding the direct effects of SA on plant photosynthesis is not available.

When SA was supplied via stem-injection, we found that, in conjunction with sucrase.

it stimulated stomatal opening and increased photosynthetic rate one week after the

onset of injection~ when compared with injection of distilled water or sucrose alone.

Corn plants injected with SA produced 9% more grain than treatments injected with
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distilled water or sucrase without SA. The application of other plant growth

regulators via stem injection, affected plant growth and productivity (chapter 10) as

described in previous work (Robinson et al., 1978; Langan and Oplinger. 1987:

Arteca and Tsai, 1988; lVfa et al.• 1994b; Foroutan-pour et af.. 1995).

The roles of carbohydrate production and remobilization in kemel growth have

been investigated (Tollenaar. 1977) while other researchers have implied that

availability of N can be more limiting than that nonstructural carbohydrates for grain

dry weight accumulation (Belaw, 1981). The delivery of C (sucrase) and N e5N

urea) inta field-grown corn plants via stem-injection showed that extemally supplied

sucrase changed bath of the saurce strength (phatosynthetic inhibition) and sink

strength (decreased total grain production) (chapter 8) while distribution of 15N was

affected by proximity of sinks ta the point injection and the strength of sinks (chapter

Il) .
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Chapter 13

General Conclusions

The following conclusions may be drawn based on the tïndings contained in

this thesis:

1. Corn grain yields are not changed by either a com-annual ryegrass intercrop

system or controlled water table depth under conditions of high N fertility in spite of

rneasurable effects related ra N and water competition from ryegrass and weeds at

sorne com-growing stages.

2. A corn-annual ryegrass intercrop system increased total aboveground dry

matter production. resulting in higher N uptake for intercrop than monocrop systems

at aIl corn growing stages in ~993. while in 1994 this difference only occurred at the

six leaf and at final harvest stages. By the end of the growing season. the

intercropping system increased total aboveground N uptake by 77.2 and 50.7 kg N

ha- ' when compared with a similarly fertilized monocrop system in 1993 and 1994.

respectively.

3. The greater total aboveground biomass in corn-ryegrass intercrop increased

organic plant residues returned to soil. thus potentially improving sail organic matter

content and quality over the long term.

4. The total amount of NOJ--N in the top 1 m of the soil protïle was reduced

by intercropping in the falI of 1993 when climatic conditions allow good development

of intercrop biomass.

5. Nitrate-N level in the sail (0-20 cm) can be used as an indicator of total

N03--N accumulation in the top 1 m of the soil protile and in estimating the potential

for N03'-N leaching.

6. Dry matter production and N uptake in different plant tissues of

intercropped corn is only slightly affected by the other intercrop components when

competition for N and water are minimized

7. 80th plant establishment and weather conditions greatly affect the ability of

intercropped ryegrass to take up soil N.

8. When the N application rate was high (eg. 270 kg ha-'), intercropped

185



-

'.-

annual ryegrass and weeds were able to grow weil and contribute organic matter to

the soil, but they were unable to utilize enough of the extra added N to completely

negate an increased risk of nitrate leaching.

9. Water table depth had less effect on corn grain yield, dry matter

partitioning, N accumulation in aboveground biomass. and sail NO,'-N content. than

cropping system.

10. A confined microplot with an area as small as 0.4 m by 1. 15 m can

provide a reliable measure of fertilizer N recovery for corn plants in intercrop or

monocrop systems.

Il. Injection of sucrase causes photosynthetic inhibition (pre-mature

senescence) in the leaf just above the ear and the ear leaf. and this is more severe for

plants receiving higher sucrose concentrations.

12. Exogenous sucrose supplementation via stem injection intluenced kernel set

only under conditions of sufticient soil water supplY.

13. The injection of a combination of SA and sucrose stimulated plant

photosynthesis while SA increased grain yield of injected plants.

14. 80th the proximity of sinks to the point of injection and the strength of the

sinks affected the distribution of the I:lN supplied from a artiticial source (injected).
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Chapter l~

Acceptance or Rejection of Hypotheses

Hypothesis 1:

Corn grain yield will not be affected by the presence of an annual ryegrass

intercrop component when produced with high levels of fertilizer N.

Results related to hypothesis 1:

In this study. intercropped corn grain yield was comparable to monocrop corn

yield when annually applied 270 kg N ha- l (chapter 3 and 4). Thus. we accept

hypothesis 1.

Hypothesis 2:

Increased N uptake by a corn-annual ryegrass intercrop will reduce the soil

N03--N content, and thus, reduce the patential for nitrate pollution LInder the soil and

climatic conditions of eastern Canada.

Results related to hypothesis 2:

At harvest, the intercrop systems had taken up 77.2 and 50.7 kg ha- ' more N.

than the monocrop systems in 1993 and 1994. respectively (chapter 4). Intercropping

decreased total sail N accumulation in the top 1 m of the soil protile in the fall of

1993 (chapter 5). The total amount of NO]--N in the top 1 m of the soil protile in fall

1993 was reduced by 47% due to intercropping (chapter 5). Thus. we accept

hypothesis 2.

Hypothesis 3:

Greater dry matter accumulation in an intercrop system will increase the

amount of crop residue retumed into sail.

Results related to hypothesis 3:

After crop harvest, corn stover and ail other intercrop components {ryegrass

and weeds) were incorporated into sail. Corn intercropped with annual ryegrass led

ta incorporation 3.1 and 2.7 Mg ha- l more crop residue in the fall of the 1993 and

1994, resPectively, than the monocrop system (chapter 4). Thus. we accept

hypothesis 3.

Hypothesis 4:
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Water table contraIs will increase corn grain yield, N uptake, and fertilizer N

use efficiency while reducing sail NOJ·~N levels associated with corn production

systems.

Results related to hypothesis ~:

We did not find any effect of water table control on corn grain yield.

aboveground dry mater production, N uptake, fertilizer N use eftïciency, or sail

nitrate-N content in the top 1 ln of the sail protïle (chapters 3. 4. 5 and 6).

Therefore, we reject hypothesis 4.

Hypothesis 5:

Confined microplots can reduce the microplot dimensions required to produce

reliable L~N data in corn monocrop and intercrop (\Vith annual ryegrass) systems.

Results related to hypothesis 5:

Contlned microplots with area as small as 0.4 m by l.15 m could provide a

reliable measure of fertilizer N recovery by corn plants (chapter 5). Thus. we accept

hypothesis 5.

Hypothesis 6:

A pressurized stem-injection system can continuously deliver concentrated

nutrients into corn plants for periods of weeks to months.

Results related to hypothesis 6:

The results contained in chapter 7 demonstrated that concentrated sucrose

could he injected into corn stems for a period of 32 days through constant pressure

supplied from construction bricks. Therefore. we accept hypothesis 6.

Hypothesis 7:

The photosynthesis and productivity levels of corn plants will be altered by

exogenous supply sucrase via stem injection.

Results related to hypothesis 7:

The results contained in chapter 8 showed that cGntinuous injection of

concentrated sucrose solutions caused earlier senescence of the ear+ 1 leaves, and

caused a decrease in the F./Fm chlorophyll tluorescence ratio. The injected internodes

of plants receiving sucrose solutions weighed more than those of the distil1ed waler
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injected contrais. Injection of sucrose increased the number of seeds produced in the

primary ear and the weight of the primary ear, but inhibited the development of the

secondary ear. Thus, we accept hypothesis 7.

Hypothesis 8:

The reproductive failure of water stressed corn plants can be prevented by

supplying assimilate (sucrose) post anthesis via a stem-injection technique.

Results related to hypothesis 8:

Chapter 9 demonstrated that sucrose injection had no effect on the grain yield

components of water stressed plants. Supplementation with exogenous sucrose altered

kernel set only under conditions of sllfficient sail water supply. Thus. we reject

hypothesis 8.

Hypothesis 9:

Injection of plant growth regulators. with or without sucrose. will alter the

growth and photosynthetic activities of corn plants.

Results related to hypothesis 9:

Plants injected with SA produced 9% more grain yield than plants injected

with distilled water and sucrose. When compared with injected distilled water

injection, the combination of SA with sucrose increased the photosynthetic rate by

42 %, while the injection of IAA or ASA did not alter plant photosynthesis or

productivity. Injection of ethephon resulted in 10% less grain yield than distilled

injection. Sucrose injection increased the dry weight of injected intemodes and

stover; it also induced partial stomatal closure. although without any apparent effect

on net photosynthetic rate (chapter ID). Thus. we accept hypothesis 9.

Hypothesis 10:

The distribution of N added through an artiticial source will be affected by

bath the proximity plant sinks to the source (site of injection) and the strength of

various sinks.

Results relate to hypothesis 10:

The results contained chapter II demonstrated that the relative degree of

enrichment for each of the tissues measured was: injected internode > grain > upper
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stalks > leaves > lower stalks > cobs > husk > ear+ 1 leaf > ear leaf. Since [he

injected internode, the grain, the husks, the cob and the ear leaves were aIl sinks

close to the point of injection, but the grain and upper stalks should have been the

strongest sinks. Thus, we accept hypothesis 10.
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Chapter 15

Contributions to Knowledge

The work presented in this thesis contained new information regarding the use

of corn-forage grass intercrop systems in conj unction with water table management as

a way to reduce nitrate-N lasses into groundwater. For the tïrst time. seasonal corn

plant development and tinal yield under the combination of intercrop and water table

management was detailed. In addition. a pressurized stem-injection technique.

developed in this study, allowed the tïrst study of aspects of corn physiology related

to water and N availability. More specitic contributions inc1ude the following:

1. The corn-annuai ryegrass intercrop system is an effective practice for increasing

sail N uptake, and reducing residual sail NOlo-N after corn harvest.

2. When there is sufticient N and water. the grain yield of intercropped corn is not

decreased due to minimized N and water competition among corn. allnual ryegrass

and weeds.

3. Dry weather conditions can greatly limit ground caver production and N llptake by

ryegrass when it competes with corn for light. nutrient and water.

4. A high N application rate (270 kg ha-I) allows production of considerable ryegrass

plus weed biomass ta aid in maintaining soil organic matter levels. but the ryegrass

and weeds are not able ta take up enough of this extra N ta completely negate an

increased risk of nitrate leaching.

5. Water table management has little effect on the grain yield. plant growth and

residual soil NO]-N content after crop harvest.

6. A single plant in the centre of a 1.15 m by 0.4 !TI 15N microplot cao supply a

reliable estimation of 15N recovery by corn plants in a corn-annual ryegrass intercrop

or corn monocrop systems.

7. Externally supplied C (sucrase) restricts both source (pre-mature senescence of

leaves) and sink strength. indicating that l11echanisms for signalling between sinks (the

primary and secondary ears) and the primary sink and the source (leaves) are

different.

8. The distribution of the injected 15N is affected by both the proxÎmÎty of the sinks ta
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the point of injection and the strength of the sinks.

9. Injection of corn plants with the combination of SA and sucrose promotes

photosynthesis while SA alone increase grain yield of injected plants.

10. Stem injection makes possible the study of changes in plant physiology during

grain-filling due to addition of carbohydrate. N and plant growth regulators LInder

both controlled environments and tield conditions.
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Chapter 16

Suggestions For Future Research

To expand on the work reported here. research should be continued to contïrm

or complete the following:

1. An nitrogen fertilizer rate between 180 and 270 should be included in a

future study, since this may allow the production of corn and ryegrass together,

without any reduction in corn yield, while al10wing the ryegrass component ta take up

all of the extra N added to the soil.

2. Research should be considered to investigate whether annual ryegrass can

be maintained after crop harvest and not incorporated into soil until the following

spring.

3. Volatile Niasses from corn plant tissues. from mid-grain tïlling to the tïnal

harvest, should be further examined.

4. Weed control in the corn-annual ryegrass intercrop system should be the

subject of a future study.

5. The exudation of NO]--N from corn roots into the soil should be

investigated, using 15N injection into corn stalks.

6. The effects of an auxiliary reduced carbon sucrase on the dominance of the

primary sink over the secondary sink needs further investigation.

7. The apparent inability of injected sucrose to overcome water deticit effects

on corn grain tilling should be investigated using a wide range of corn hybrids.
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