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ABSTRACT
PAULOWNIA/WINTER WHEAT INTERCROPPING
QUANTIFYING THE RELATIONSHIP BETWEEN
PHOTOSYNTHETICALLY ACTIVE RADIATION (PAR) AND YIELD
By

Charles P. Chirko

A Paulownia-winter wheat intercropping experiment with a
focus on photosynthetically active radiation (PAR) and root
competition was conducted 60 km south of Zhengzhou (35° N 113°
E), Henan Province, PR China, from September 1991 to July 1992
using a tree/crop interface approach. The middle row of three
240-m long rows of ll-year-old trees was studied for its
effects on the yield of irrigated and fertilized winter wheat.

In one experiment PAR was quantified using a split-plot
design with four blocks. There were 4 distance treatments
(2.5, 5, 10, and 20 m) and 2 direction treatments (east and
west of a north-south tree 1line). Results showed no
difference in direction effects but PAR did affect total grain
weight (p=.0047) between 2.5 m and 20 m. A regression
equation was fit using the mean for each distance treatment:
Y = 391.7 + 4.57 X with r? = .9310 indicating an increase of
4.57 g m? (45.7 kg ha') over a distance of 2.5 m to 20 m from
the trees.

A second set of experiments investigated the wheat and
Paulownia root and PAR interactions under the trees. Plastic
root barriers, 2 m long and 1 m deep, were placed between the

tree and the winter wheat yield plots. Plots at 2.5 m with



root barriers were compared to those without using a split-
plot design. Barriers had no effect on total grain weight
(p=.7635) or 1000-grain weight (p=.8583). Thus, in terms of
below ground interactions, Paulownia is clearly compatible
with winter wheat in fertilized and irrigated agroforestry
intercropping.

In an orientation experiment, wheat yields were compared
under the trees on the north, east and west sides.
Contrasting directions E vs N and S, yield was significantly
different for both total grain weight (p=.0026) and 1000-grain
weight (p=.0246) with the E being greater.

In a shading experiment with trees and artificial shade
as shade treatments, yield was greater in non-shaded plots
{total grain weight (p=.0440) and 1000-grain weight
(p=.0135)}. Controls (without trees) employed a different
planting scheme and were not comparable to the plots with
trees. PAR and other environmental factors and their effects
on winter wheat yield component development throughout the

growing season are discussed.
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CHAPTER 1
INTRODUCTION AND LITERATURE REVIEW
1.1. INTRODUCTION

Agroforestry is a land use system that has many
definitions (von Maydell et al., 1982). The Diagnosis and
Design User’s Manual (Raintree, 1987) states that agroforestry
is a system that deliberately combines a woody perennial and
an herbaceous crop(s) and/or animals in some form of spatial
arrangement or temporal sequence. Intercropping, multiple
cropping, and multi-story cropping are all types of
agroforestry when they use a perennial tree or shrub crop as
a component.

While farmers have practiced agroforestry for thousands
of years, it has only been under scientific investigation
since the late 1970’s. During the 1970’s, land and population
pressures created problems that caused international notice.
Shortages of 1land for production of food and fuelwood
stimulated the scientific community to improve and promote
agroforestry systems.

Agroforestry has many potential benefits. These
generally include sustaining soil productivity and soil
conservation, which encompasses maintenance of soil fertility
and prevention of soil erosion (Young, 1987). Nevertheless,
agroforestry is not a panacea. Sometimes disadvantages arise
when placing trees into a land management scheme. Scientific
research attempts to systematically determine the best

cropping combinations to employ.
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The primary objectives for agroforestry experimentation
are to improve productivity and to extrapolate the system
being examined to other locations (Huxley et al., 1989a).
However, inherent in agroforestry experiments is the large
size and longevity of trees. When compared to conventional
agricultural experiments, the factors necessary to consider
with intercropping are manifold. This often increases the
size of the experimental agroforestry plot to unworkable
dimensions.

The International Centre for Research in Agroforestry
(ICRAF) has been refining a new experimental design called the
tree/crop interface (TCI). The tree/crop interface attempts
to examine the interaction between the tree and the crop in
the zones where their above and below ground components meet
and share resources. The yield of a crop in an interface plot
is compared to the yield in plots of similar size that are
under strong influence of the tree in one case and under no
influence of the tree in another case.

Theoretically the tree/crop interface is where the
sharing of water and nutrients below the soil surface, and of
sunlight, one component of which is photosynthetically active
radiation (PAR), above ground will take place. While it is
often beneficial in an experiment to isolate and study one
variable while standardizing the rest, it is also important to
see how the major variables interact.

This project investigated the most widely wused
intercropping system in the world which is located in the

temperate zone of the People’s Republic of China. The system
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consists of a tree, Paulownia spp., and winter wheat (Triticum
aestivum cv. You Zhi Bai Nong 3217). Resource sharing at the
tree/crop interface in this agroforestry system was studied to
understand how the system works, describe the interactions
involved, and determine the potential for extrapolation to

other localities.

1.2. BACKGROUND

1.2.1. Agroforestry Intercropping -- Potential Advantages.

Agroforestry intercropping has both biological and socio-
economic advantages. MacDicken and Vergara (1990) 1list 14
beneficial characteristics of putting trees in an agricultural
system. For certain crops, one advantage is overstory shade
which provides protection from direct solar radiation.
Jackson (1989) illustrates this with one of the four crop-
light responses (Figure 1.1) that he derived from cases in the
literature.

As shown in D, Figure 1.1, a crop with a shade
requirement decreases in economic yield as light intensity
increases to full sunlight. However, in other scenarios,
shading is not a problem (A in Figure 1.1). Ideally the
proper tree and crop combinations will increase total
production by capturing more solar radiation. Because trees

present a multi-story effect,
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they can increase the solar radiation capture of a given field
in the vertical dimension.

When trees are integrated into a cropping systenm,
nutrient cycling efficiency may improve. Tree roots exploit
a large soil volume where they capture nutrients at depths not
available to crops. Sanchez (1987) found that in agroforestry
type II experiments (experiments conducted in soils of nearby
sites of known dates of planting sampled at the same time) on
Alfisols and Andepts of moderate to high fertility, there is
a good potential for nutrient cycling. This is accomplished
in part by tree roots that reach deeper into the soil than
roots of an agricultural crop, preventing some nutrients from
leaching out of the system. Tree root systems have the
capability of trapping nutrients in the soil solution and
recycling them through litter to the soil surface (Young,
1989a). The tree’s extensive root systems are also very
effective in soil moisture uptake which is advantageous in dry
climates.

Trees are grown as windbreaks which function to reduce
wind speed, helping to control wind erosion (Sheng, 1986).
Forest nets (as they are called in China) or shelterbelts play
a major role in microclimate amelioration. Relative humidity,
soil temperature, and transpiration are all more favorable
within the forest nets which modify microclimate and benefit
an understory crop (Zhu, 1990). Zhu (1988) and Li and Xiao
(1992) state that the forest nets reduce water evaporation and
transpiration by lowering the temperature under the canopy and

raising the relative humidity above the crop. Higher relative
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humidity and lower temperature reduce water stress which in
turn inhibits stomata closure to reduce transpiration. With
active transpiration the plant fixes more carbon, increasing
dry matter production.

Brandle (1987) hypothesized that windbreaks tend to
moderate climatic extremes such as cold, dry winds or hot, dry
winds. Working in Nebraska with winter wheat from 1974 to
1986, he found that yields averaged 14.6% higher in sheltered
areas compared to exposed areas. Generally yields were
greater in sheltered areas in years where climatic conditions
were normal or harsher than normal. Trees had a negative
effect on yield in years with favorable weather.

Tree plantings may provide a disease barrier as well as
a weed and pest control through breaks in the cropping pattern
(Ewel, 1986; Altieri et al., 1983). Whereas monocropping
systems decrease diversity and increase the food supply for
specific insects, planting trees sometimes alters this pattern
so as to limit a pest population’s food supply (Altieri et
al., 1983).

Trees provide shade which may sufficiently limit PAR to
the understory, inhibiting weed growth. This is especially
true in the case of aggressive C4 grasses often found in the
tropics. Curtailing weeds is beneficial to the crop as weeds
compete for water and nutrients. Wilson (1990) found that in
nitrogen (N) limited areas, pasture grass benefitted from
shade, possibly due to a soil N mineralization increase. In

another case, Wilson states that grass grown under shade had
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better growth, higher N concentration, with total N uptake in
the herbage 70% higher than grass in full sunlight.

Agroforestry systems contribute to the sustainability of
farming systems with improved soil physical properties as tree
roots enhance soil porosity and aeration (Sanchez et al.,
1985). Constant root turnover offers channels for increased
water infiltration. Bulk density decreases; earthworm
activity under trees increases (Jackson et al., 1989); and
populations of bacteria, Actinomycetes fungi, and soil fauna
are greater under trees (Zhu, 1990).

Trees may help control soil erosion by providing ground
cover which reduces the impact of rainfall on the surface
soil. Litter has been found to be the most important factor
in decreasing soil erosion by slowing runoff and permitting
the rain water to infiltrate into the soil. Trees are also
used as a barrier to slow water flow and trap soil up slope
(Young, 1989b).

Depending on the tree/crop combination and management
system employed, trees have been found to reduce fertilizer
requirements. Nutrient cycling is important and, as trees can
be manipulated, timely pruning may provide a nutrient source
to associated crops. Kang et al. (1985) found that less N
fertilizer is needed when clippings from an alley cropping
system are used as green manure. Since repeated N
fertilization, in the form of ammonia or other fertilizers
subject to nitrification, acidify the soil (Foth, 1984), a
reduction in N application may help maintain a suitable pH for

nutrient availability and crop growth in acidic soils.
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Nitrogen fixing trees supply N from the atmosphere
through fixation by tree root (or stem) nodules in association
with Rhizobium and Frankia bacteria. This fixed N benefits
non-nitrogen fixing crops when the N is recycled via
litterfall or when the nodules die during root turnover.
Crops may even root graft with N fixing nodules and directly
benefit from the available N (van Noordwijk and Dommergues,
1990) .

Socio-economic benefits obtained from agroforestry
include food, fuel, fodder, or timber, providing a variety of
building materials. Sale of these products increases income.
Spreading economic benefits over a whole year instead of a
single crop and short growing season supplements family income
in otherwise slack periods. Diversification of output also
reduces economic risk. Trees introduced onto a farm, however,
generally increase labor requirements. If this occurs when
labor is plentiful it may (depending on the culture and labor

profile) be very beneficial.

1.2.2. Agroforestry Intercropping -- Potential Disadvantages.

Trees are not always beneficial to crop production. One
of the major biological disadvantages of agroforestry is the
potential of increased competition for space, light (PAR),
water, and nutrients. Proper selection of compatible trees
and crops in a proper management scheme is essential to
minimize this competition.

Sometimes tree seeds, leaves, bark, or roots excrete

phytotoxic substances that stifle crop growth (Huck, 1983).
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This is a major problem when the tree/crop combinations react
unfavorably toward each other (either tree towards crop or
crop towards tree). Rizvi and Rizvi (1985) state that
biochemical interactions of plants with each other,
allelopathy, is 1little understood and should be considered
before introducing agroforestry combinations.

Trees may introduce obstacles to harvesting and
cultivation. If crop harvesting is mechanized the trees may
require the introduction of different crop harvesting
patterns. Farmers are often reluctant to change their ways.
If mechanization is not part of the farming system, then the
trees may require the introduction of new weeding, or land
preparation techniques for the crop. This is often an added
cost and/or bother to the farmer -- one that he/she is not
willing to undertake. A new technique in cultivation may
increase risk of damage to a desired tree crop. Unfamiliarity
with a new machine or different management practice often
causes damage to a perennial through inattentiveness while
working with the annual crop.

Land tenure may be problematic with agroforestry.
Sometimes farmers resist planting trees on their farm land
because it will change the ownership patterns. If there is to
be a redistribution of land periodically and there are trees
located on the land, farmers may have to harvest their trees
before it is economically feasible in order to realize some
gain. Otherwise they may lose the rights to the tree. To
avoid this situation farmers may forego planting trees

(Fortmann and Bruce, 1988).



10

Animals often damage trees and crops especially in
systems designed to integrate trees, crops, and livestock.
Trees may be the only source, or the most available source, of
dry season fodder for animals. In most instances animals
browsing on trees is detrimental to tree growth. Browsing
also contributes to crop trampling and soil compaction (Borel,
1985) .

While trees sometimes play a role in reducing erosion, at
other times they might increase erosion. The tree canopy will
capture rain and, depending on the size and shape of the leaf,
will actually increase the size of the drop as it falls from
the leaf. 1In trees with a high canopy this is especially
troublesome with the impact of the drops contributing to soil
erosion.

Pests are often attracted to trees. Trees are a home for
birds or animals that might damage crops. Although trees
provide diversity to an area discouraging insect buildup and
disease problems, they have the potential to increase these
problems. Insects may be partial to a particular tree species
and use a neighboring crop as a backup food source. In
addition, the tree may provide a necessary overwintering site
or a niche for an insect to complete its life cycle. Some
trees act as alternate hosts for parasites that could not
continue their life cycle in a monocropping system.

Relative humidity also poses a potential problem. While
an increase in relative humidity provided by trees is often
beneficial to a crop, it also increases the incidence of

fungal attacks. This is encouraged by a decrease in wind
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speed through the cropping area brought on by the presence of
trees used as shelterbelts. Thus, there are many potential
benefits and disadvantages to incorporating trees into an
agricultural system. Agroforestry research is one method used
to weigh these advantages and disadvantages of specific crop

combinations for compatibility.

1.2.3. Agroforestry Experimental Objectives.

Agroforestry attempts to combine a tree crop and an
agricultural crop spatially or temporally so that one
increases the yield of the other. This concept is called
complementary yield (Arnold, 1983). It is also found in the
literature as protocooperation (Francis, 1986), facilitation
(Vandermeer, 1989) or overyielding (Trenbath, 1976).

In agroforestry experiments, as with other experiments,
it is desirable to first isolate the key variables that are to
be studied and standardize all other variables. In multiple
cropping systems this is often difficult to achieve. The
number of variables that influence the yield outcome increases
from 15 total factors with 105 possible two-way interactions
for a single crop, to 26 factors with 325 possible two-way
interactions for two crops (Francis, 1986). Francis groups
the contributing factors into three subheadings which are
genetic factors, cultural factors, and climate-soil factors.

Table 1.1 lists the factors that belong to each group.



Table 1.1.
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Multiple Cropping System Variables.

crop genotype (b)

GENETIC FACTORS

CULTURAL FACTORS

separate plantings

CLIMATE-SOIL
night

genotype (a) x
genotype (b)

relative planting
dates

rainfall

pest _genotype (a)

density (a)

soil type (a)

pest (a) x pest (b)

density (b)

soil type (b)

(a) x (b) x pests

spatial arrangemnt

wind

crop genotype (a)

harvest

topography

land preparation

rain distributn

pest genotype (b)
crop x pest

cultural practices

carbon dioxide

fertilization

pest control

(After Francis, 1986)

Trees also present an experimental design problem because
of their size and longevity. In agroforestry, as in all good
research, experiments must not become too large and unwieldy.
It must take into account the number of potential treatments
and the space needed to test each treatment effectively
without interfering with each other or introducing bias

(Huxley, 1989). ICRAF has been developing an experimental
design which attempts to 1limit the overall size of the
experiment and still obtains meaningful experimental results

over time through study of the tree/crop interface.

1.2.4. Tree/Crop Interface (TCI).
The tree/crop interface approach seeks to define the
smallest experimental unit (Huxley,

1987) for agroforestry

experimentation. The overall research problem is reduced to
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a comparison of three different zones. The first is the woody
component alone, the second is the non-woody component alone,
and the third is the interface between the woody and non-woody
component (Huxley et al., 1989b). An example of the TCI from
two perspectives is shown in Figure 1.2 and Figure 1.3.

To study the crop in relation to the tree, three
locations should be selected: 1) directly under the tree; 2)
at a distance where the tree and crop compete for PAR,
nutrients, and water, such as the tree crown drip line; and 3)
located at a distance from the tree where there is little
competition. With regard to PAR studies, Jackson and Palmer
(1989) define the TCI as any crop producing ground that is
shaded by a tree.

Experiments can be relatively simple and observational in
nature. These are considered Stage I experiments (Huxley,
1987) where the objective is to determine what happens within
an agroforestry system. Stage II experiments attempt to
explain the results, such as yield, due to a tree and a crop
interaction. These experiments require equipment to increase
precision in data collection.

Huxley (1987) classified agroforestry research into three
groups -- rotational, zonal, and mixed. Rotational research
integrates trees and crops at different times depending on the
age and rotation of the tree. 2Zonal and mixed groups concern
the spacing of trees and crops in either a vertical or a
horizontal manner as shown in Figure 1.4. These zonal and

mixed groups can employ the TCI approach.
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Figure 1.2. Tree/Crop Interface (TCI) Examples.



The tree/crop ntertace
(above -ground)

The tree/crop interfoce
(below -ground)

(After Huxley, 1985a)

Figure 1.3. A Tree/Crop Interface (TCI)--At Its Simplest.
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Figure 1.4. Three Spatial and Vertical Arrangements.
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While the TCI limits the size of the area to be studied,
it does not necessarily simplify the experiment. As Figure
1.5 illustrates there are many variables and possible
interactions in the TCI. These interacting variables pose
questions to the researcher in terms of productivity and
sustainability (Huxley, 1989). One part of these questions is
addressed by how the trees and the crops share the available

resources.

1.2.5. Resource Sharing.

Buck (1986) puts forth the concept of pools of resources
such as light, water, and nutrients that are shared by crops
and trees in multi-cropping systems in the horizontal,
vertical, and temporal dimensions. According to Connor
(1983), light, water, and nutrients are the most important
environmental factors for continual growth of the tree and
crop. If these major factors are available in optimum amounts
then the tree and crop have the potential to achieve maximum
growth and yield. In discussing the tree and crop combination
that is sought in agroforestry, Huxley (1985b) refers to an
associative ideotype. This is a tree and associated plant
that should contribute to the fulfillment of the system’s
objectives and still maximize environmental resource use

through sharing in both space and time.
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Figure 1.5. Tree/Crop Interactions.
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One potential problem in a multistory cropping system is
the shading effect of the tree on the understory crop. While
it may be possible to add water and nutrients to increase
yield, PAR input by solar radiation is limited. However, some
crop species are less light demanding and, depending on the
density of the tree canopy, time of bud break, and leaf
duration, an understory crop could yield well.

If crop yield is the priority in the system, the crop may
receive more PAR by manipulating the tree through management.
Adjusting the spacing between rows of trees or single trees
will alter the PAR under the canopy as will altering tree row
orientation. With wider spacing, more direct and diffuse
light will reach the lower (crop) canopy. Tree orientation
will affect the amount and quality of sunlight reaching the
crop during the course of one day. Basal pruning will also
allow more PAR to reach the crop. At the same time it may
increase the value of the tree bole. However, if insufficient
PAR reaches the understory crop, there will be a reduction in
yield. Thus, selection of the tree for its compatibility, its
characteristic shape, and its placement within the system is
of primary importance.

If, on the other hand, the tree crop is first priority,
spacing between trees can be reduced. Closer spacing between
trees will decrease the amount of direct and diffuse light
available to the wunderstory crop as the canopy closes,
limiting yield. However, the trees, because of their vertical
dominance above the crop, will be able to intercept as much

PAR as necessary unless they have to compete with other trees.
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At relatively wider spacings the total tree biomass per
hectare (ha) decreases (relative to individual tree biomass
which may be at their maximum). Thus, management objectives
must be determined first, then a balance sought where the tree
biomass and the crop yield trade-off will be optimized.

Water and nutrients also play a major role in growth and
in an agroforestry system they have to be shared. In many
cases it is not feasible to add nutrients or to irrigate. If
the agriculture crop is the priority, management of the tree
must consider the possible adverse affects of trees dominating
the water and nutrient resource pools. The ideal is to
maximize the efficiency of the water and nutrient resources so
that net primary production of the crop will not decrease when
compared to the same crop not influenced by the trees. One
method of enhancing resource sharing is to have the roots
exploit different soil horizons. This further illustrates the
importance of selecting compatible trees and crops.

Trees added to a cropping system may do more than compete
for pools of nutrients, water, and PAR. Trees can provide
beneficial effects on the microclimate and even increase yield
(Zheng and Sheng, 1989; Zhu, 1990). Windbreaks and
shelterbelts reduce water stress. Water stress can reduce
photosynthesis and may be the limiting factor in growth. As
high temperatures or drought conditions increase, the vapor
pressure gradient increases and transpiration will increase to
a point. Then, as available soil moisture decreases, stomata

will close to reduce transpiration, increasing stomatal



21

resistance and reducing the carbon dioxide flow through the
stomata. The end result is a reduction in photosynthesis.

Trees not only reduce drying and windburn effects through
windbreaks, they also ameliorate temperatures under the canopy
resulting in cooler summer temperatures and warmer winter
temperatures (Zhu et al., 1986). Zhu (1990) states that
Paulownia trees create a temperature inversion under the
canopy during the day with the tree crown becoming a barrier
to radiation. The air below the crown becomes cooler than
that above the ground and sinks. These cooler temperatures in
the summer help reduce the vapor pressure gradient. At the
same time the tree canopy traps some of the water vapor
transpired by the crop and the tree, increasing the relative
humidity under the canopy and decreasing the vapor pressure
deficit. Zhu (1990) states that soil temperatures in the
winter months are warmer under Paulownia trees. This helps
reduce the risk of frost damage to the winter wheat crop.

All of these factors are interrelated. With plant water
stress, water uptake and soluble nutrients decreases. If
optimum quantities of water, nutrients, and PAR are not
present at crucial times in the plant’s lifecycle, yield is

drastically reduced.

1.2.6. Systems Approach Versus A Single Variable Analysis.
Agronomists often feel that PAR is the primary ecological

factor in crop competition (Pendleton and Weibel, 1965).
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Zhu', states that PAR, in a Paulownia/crop with crops system,
is the key factor as the energy to the crop and thus its yield
is more significantly affected by PAR than water or nutrients.
Jiang’ calls investigation of PAR effects the cutting edge of
Paulownia intercropping research.

Nevertheless, if one variable (PAR) is isolated from all
others, it is not possible to see how the major factors
interact within the system. Addressing the difficulties of
isolating variables in tree intercropping with shade on
coffee, Huxley (1967) states:

"The effects of natural shade on mature trees are

immensely complicated, not only by self and mutual

shading, but by many factors other than shade per se. In
such field experiments it is impossible to analyze the
complex by testing the effects of one or a few factors at

a time because so many interactions are involved."

This gives credence to a systems approach to agroforestry
experimentation. However, to date, agroforestry systems are
not developed to the point where cause and effect holistic
models are available (Loomis and Whitman, 1983). Thus, one or
two factor experiments are conducted. By using the monocrop
as a basis for yield potential, primary factors (PAR,
nutrients, and water) in an agroforestry system are isolated,

manipulated and compared.

'Zhu Zhaohua -- personal conversation -- 1990.

’Jiang Jianping -- personal communication -- 1993.
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1.2.7. PAR Characteristics and Canopy Penetration.

Anderson (1964) describes 2 types of light systems --
radiometric and photometric -- each with their respective
terms and units. Irradiation is the term used when measuring
intercepted radiant flux. Irradiance (interception per unit
area) has units of Watts m? (W m?)**. The photometric system
is used when quantifying intercepted illumination with units
of candela m? (cd m?)’. The two systems are different and
units do not readily convert. Plant studies are generally
interested in irradiance and usually focus on a portion of the
spectrum, from 400-700 nanometers (nm)°® of the electromagnetic
spectrum, which is called the range of photosynthetically
active radiation (PAR).

PAR, measured in photons, is that part of the spectrum
that plants use for photosynthesis. There is no international
unit (SI) to quantify photons, however, 1 mole = 6.022x10%
photons (Avogadro’s number)’. Biggs (1982) presents the

following approximate values for full sun plus sky radiation,

*All units will be in international units (SI), if available,
with other systems, if mentioned, in a footnote.

‘cal cm? min?
‘lux or foot candles

SAccording to Ross (1975) the US and Western Europe use 400-700
nm while Russia and Eastern Europe use 380-710 nm.

A mole is an SI unit; 1 mole = 1 Einstein.
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for midday, midsummer, 41° North latitude:
PPFD* or Quantum Flux ~ 2000 umoles m? s
Total irradiance ~ 1000 W m?
Photosynthetic irradiance = 500 W m?
and for 1 days integration:
Photosynthetic Photon exposure = 60 moles m?
Total radiant exposure ~ 8000 Wh m? (Watt hour m?)
Photosynthetic radiant exposure = 4000 Wh m?

For a single wheat 1leaf the photosynthetic process
becomes light-saturated at one-third to one-half full sunlight
(Evans et al., 1980; Simmons, 1987). However, canopy
saturation is not the same as leaf saturation. Connor (1983)

2 while

states that wheat communities light-saturate at 700 W m"
full sunlight is about 1360 W m? (the solar constant) (List,
1951). Monteith (1975) states that radiation is absorbed in
its travel, by gases, and scattered by gases, dust, and water
vapor, thus reducing the irradiance to an effective range of
700 to 1000 W m?.

With cloudless days PAR from direct radiation is much
greater than diffuse and diffuse radiation can be neglected
(Ross, 1975). Figure 1.6 compares atmospheric (S,), total
(S), direct (S,), and diffuse (S,) solar radiation. On very
cloudy days all PAR would be from diffuse radiation. With
alto-cumulus or alto-stratus clouds, the maximum diffuse
radiation would be 350-450 W m? and with nimbo-stratus or
stratus clouds, only 30-50 W m? (Ross, 1975). Thus, the
additional amount of tree canopy that intercepts direct solar

radiation can become important to the understory crop canopy.

*Photosynthetic photon flux density or quantum flux density.
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S,=Atmospheric radiation,
dependent on solar elevation
and transparency of the atmosphere
Sy=Direct radiation at horizontal
surface of the plant
S;=Diffuse radiation
S=S, + Sy
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Figure 1.6. Diurnal Direct and Diffuse Solar Radiation.
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The focus in this research is on PAR under the tree
canopy and its effect on wheat yield. These effects should be
more pronounced under closer tree spacings. Jackson (1983,
1989) states that the study of light transmission through the
canopy in agroforestry must consider the discontinuous canopy
case. When trees are arranged so that the canopy cover is not
continuous, the light reaching the crop is composed of two
parts. One part is full light and the other is the light

transmitted through the canopy.
Edge effects, where diffuse light is a factor, also play
a role. When the canopy is closed, minimal amounts of direct
or diffuse light reach the understory. This diffuse light is
relatively rich in photosynthetically active blue wave
lengths, but they do not penetrate very far into the area
enclosed by the tree canopy (Smith, 1986). With a single tree
row the diffuse light will benefit all distances under the

tree during the course of a day.

1.2.8. Tree and Crop Row Orientation.

The management of trees with crops often finds the trees
in rows and leads to the question of optimal orientation. 1In
some situations an east-west orientation might be more
beneficial than north-south. This will depend on the type of
tree and its age, the crown shape, and the length of clear
bole. Depending on latitude, time of year and crop, shading
may be beneficial or harmful. The underlying crop may also do

better in rows oriented in a certain direction.
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In their work in Rwanda, Neumann and Pietrowicz (1989)
found tree row orientation can have a significant effect on
light penetration with strips of 8-year-old Grevillea robusta
trees up to 15 meters (m) tall. Maize (Zea mays) was planted
in the strips with 10 m between tree rows. Performance was
better when rows were oriented east-west. The fact that
Rwanda is near the equator meant the sun’s zenith was always
relatively high. With tree rows 10 m apart and trees having
a full crown, a north-south tree row orientation meant only a
few hours of direct sun to the crop around midday and crop
yield was reduced.

Reifsnyder (1989), simulating equatorial conditions,
demonstrated the east-west orientation to be more effective
than a north-south orientation for solar radiation capture at
the center of the tree rows. The emphasis seemed to be with
the tree rows being relatively close together.

As latitude increases, time of year becomes a factor. In
a computer model calculating shadows cast on the ground from
non-light transmitting hedgerows of various sizes and
geometry, Jackson and Palmer (1989) showed that on June 21st
at 30° North latitude, trees one-fourth as tall as the width
of the alley, allowed a greater percentage of irradiance to
the alley when they were oriented in an east-west direction
compared to a north-south direction. Incoming irradiance
differences increased as the distance between tree rows
decreased and/or trees became taller. However, in a north-
south row orientation the daily pattern of radiation did not

vary much with time of year.

‘\
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In Henan Province, China, researchers at Henan
Agricultural University (HAU -- 35° N) investigated both east-
west and north-south tree row directions with Paulownia under
field conditions. In both situations there were rectangular
areas parallel and adjacent to the tree rows where wheat yield
was reduced. However, with east-west tree rows the overall
yield was less than with north-south rows. A contributing
factor was the 4-6 m clear bole on the 8 to 12-year-old
Paulownia trees. In the north-south orientation wheat
received direct PAR at some time during the day while the
east-west row had an area that only received direct PAR very
early or very late in the day.

Zhu (1990) confirmed this in his study of 9-year-old
Paulownia trees at 5 x 40 m spacing. In a north-south
orientation the area of reduced wheat yield was 8.6 m wide
while in an east-west orientation it was 8.8 m. However, the
yield near north-south rows was reduced 6.7% while yield near
east-west rows was reduced 22%. In the same study Zhu noted
a clear bole of only 2.8 m reduced wheat yield by 14.2%, but
only a 5.1% yield reduction was noted with 4.6 m of clear
bole.

Wheat row orientation (in monocultures) may also have
some bearing on yield. Three studies (Day et al., 1976;
Erickson et al., 1979; and Kirkham, 1982) all stated that
wheat yields were higher in east-west rows than in north-
south. However, ANOVA’s were either not significant, not

given, or designated "significant" at p=.1600.
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1.2.9. Previous Work with Crops Under Trees.

Some work in agroforestry with tree/crop combinations has
been done with alley-cropping (Kang et al., 1985; Wilson et
al., 1986) in Africa. In this agroforestry system trees are
lopped or coppiced at systematic intervals to increase PAR to
the crop grown between the tree rows.

The effects on yield due to a tree canopy reducing PAR
availability have been studied with crops such as tea,
Camellia sinensis; coffee, Coffea arabica and C. canephora;
and cacao, (Theobroma cacao). However, shading affects an
understory crop to different degrees depending on the soil
moisture and nutrient status. Tejwani (1987) stated that
unshaded tea on nutrient poor soils in India gave a lower
yield than shaded tea. He also indicated that overly shaded
tea gave a lower yield than medium or lightly shaded tea.
Barua (1970), on the contrary, recommended that since 35° C is
the upper 1limit for net photosynthesis in tea, most tea
growing countries should remove the shade in their tea
plantations. The exception he noted was Northeast India.

Water availability for the tea crop can play an important
role in determining the need for shade with tea. McCulloch et
al. (1965) found that in two rainfed areas of East Africa
(1270 mm and 1778 mm of rainfall per year), shade reduced
yield of tea plants in all quadrats at differing distances
from the tree stem. Carr, (1972) on the other hand, found
that water use with tea had conflicting results. During the

dry season in Africa, he found that shading protected the tea
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from higher temperatures, but that the benefit was offset by
reduced yield when the rains came.

In a nutrient and shade experiment with cacao in Ghana,
Africa, Cunningham and Lamb (1959) designated four treatments
-- with and without shade in combination with and without
fertilizer. They found that no shade with fertilizer
treatment yielded the best results followed by no shade with
no fertilizer. In this study water stress was not mentioned,
but in a follow up study in the second and third year with the
same plants, Cunningham et al. (1961) found no changes in soil
moisture in shaded and unshaded plots. Thus, nutrient and
water availability are important considerations when
conducting shading studies.

As McCulloch et al. (1965) pointed out with their work on
tea, and Campbell et al. (1969) with their work on wheat,
trees (or shading) provide shelter and the shelter effects
from wind confound the shading effects of temperature.
Indeed, Carr (1970) stated that shade was originally provided
to tea in order to mimic the conditions found in the forest
where tea was often found. However, the trees influenced the
environment around the tea bush in so many ways that it was
difficult to separate the factors involved. Thus,
microclimate and shade may have to be regarded as a complex
when integrating trees and crops.

In his experiments in Northern Mexico, Fischer (1975) was
able to eliminate air temperature, a major factor in wheat
development, from confounding his shading trials with PAR and

irrigated, high fertility wheat. He stated that there were
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only small effects on the rate of crop development between
plots with 76% shade and no shade at harvest (the warmest time
for the crop) meaning air temperatures influence on wheat
yield could be disregarded. In this 1location mean
temperatures were 21° C which was within wheat’s optimal range
(10°-25° ¢, Evans et al., 1980) for net photosynthetic response
rate to temperature. However, trees were not used as a source
of shading and they may confound the system.

As Corlett et al., (1989) pointed out, trees do provide
shelter for the crop in the form of microclimate changes.
Associated factors such soil moisture, air and soil
temperatures, relative humidity, wind speed and direction, and
rainfall all play an important role in these changes. When
trying to investigate a single variable, such as PAR, to
determine its significance, climatic variables and conditions
must be considered. Any changes in the microclimate brought
on by the trees can confound experiments.

Soil moisture effects due to trees also influence wheat
growth and development underneath the tree canopy as opposed
to away from the canopy. Soil-water differences may occur
from stemflow and throughfall, wind effects, shading, or root
competition.

Soil moisture effects due to stemflow and throughfall can
confound the shading effects of the tree. This can be
minimized with irrigation. With irrigation, high soil
moisture is maintained so that excessive stresses are not

placed on the trees or crops, thus moderating the problem.
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Shelterbelts, however, may alter the rainfall pattern in the
wheat field.

Darnhofer et al. (1989) studied rainfall distribution at
the tree/crop interface of 3 m tall hedgerows and found that
interception, throughfall, and stemflow were modified.
Results showed that there was slightly less rainfall on the
leeward compared to the windward side, but that there was an
increase at the tree/crop interface. The main factors
influencing the rainfall pattern were wind speed and direction
relative to the tree line. The average rainfall deficit, due
to the rain shadow effect, for the area 1.5 m from the hedge
as compared to a reference area 5 m away was 18%. Thus, with
hedges there was less rainfall nearer the hedge (1.5 m) than
at a distance of 5 m. Once again the characteristics of wind
flow and rainfall distribution may be different near a hedge
as compared to a tree with a crown and a clear bole.

Wind direction and speed in relation to a tree line will
affect the rainfall pattern as mentioned above, but it also
plays a role with the relative humidity and air temperature.
Winds become an especially important factor influencing the
soil moisture status of wheat just before harvest. During the
hot, dry winds which can occur after anthesis in many wheat
growing regions of the world, the temperatures readily exceed
25° ¢, at the high end of wheat’s optimum range. These winds
send temperatures above 30° C for several days causing stomata
closure and excessive carbohydrate respiration. Consequently,
there is a reduction in yield. Nevertheless, Sheikh and Chima

(1976) stated that the extent of a shelterbelt’s influence on
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a wheat crop was at least 15 times the height of the trees.
Any control downwind of the trees should be planned with this
in mind.
It may be possible to plan experiments so that the
microclimate and its changes can be incorporated into the
results to help explain the differences in yield, if any, that

occur.

1.2.10. Prior Work with Wheat and Trees.

Work on wheat under tree canopies has been done in many
areas around the world. Akbar et al. (1990) examined the
effects of four selected tree species (5 years old and 3 to 11
m tall) on wheat yield compared to a monocrop of wheat. The
trees were located on the field boundary with 1 m x 1 m yield
quadrats centered at 2, 4, 6, 8, 10, and 12 m from the tree
line. In addition a control was established at 2, 4, 6, 8,
10, and 12 m from a field boundary without trees.

Results revealed that trees had no significant impact on
wheat yield (p > .1). Possible reasons for the results were
attributed to the combination of inconsistent control yields
at the different distances and young trees with relatively
small crowns.

Puri and Bangarwa (1992) compared irrigated wheat yield
under 4 different tree species (single trees scattered about
a field) at distances of 1, 3, 5, and 7 m; directions east,
west, south and north; and for an open grown control in India
(about 29° N). They found crop yield was always lower under

the trees compared to an open grown control and that wheat
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yield increased as distance from the tree increased up to 5 m.
Yield on the north side was reduced compared to the south
side.

Azadirachta indica and Prosopis cineraria seemed to be
compatible as agroforestry trees with wheat and experienced a
6-7 day delay in crop maturity. Dalbergia sissoo had some
reduction in wheat yield and a 9-10 day delay. Acacia
nilotica was not recommended as an agroforestry tree due to
40-60% wheat yield reductions under the tree and a 3 week
harvest delay. Results could have been from PAR differences
or nutrient levels. Temperature may have played a major role
with April-October means above 32.0° C.

Rehman (1978), working in Pakistan, found that wheat
planted between shelterbelts of one row of Tamarix gallica,
two rows of T. gallica and Arundo donax, or three rows of T.
gallica, A. donax, and Colligonum polygonoides increased in
yield. However, he did not determine the effects of trees on
the yield at different distances from the trees. Rather his
yield plot consisted of the whole area between the tree rows.
Rehman, also noted that soil moisture was higher with the
shelterbelts. This possibly contributed to the increase in
yield.

Trees were planted at right angles to the prevailing
wind, however, no mention was made as to orientation and
possible effects of shading. Thus, identifying the reason for

an increase in yield cannot be conclusively determined.
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1.3. PAULOWNIA AND WINTER WHEAT

1.3.1. Past and Present Work with Paulownia.

Paulownia intercropping has been under intensive
scientific study in China since 1979 when the Ministry of
Forestry listed it as a key project (Zhu, 1988). This was
only a few years after the Cultural Revolution (1964-1975)
during which forestry research practically ceased and
researchers were displaced. At the start of this project very
little infrastructure or forestry expertise remained,
consequently progress was slow.

With the Paulownia tree, the first areas of interest
aside from morphological and taxonomic characteristics and its
propagation, were its uses in agriculture and as a fuelwood
source. Originally, farmers kept this tree in their fields
because wheat crops seemed to do well underneath. However,
the trees were randomly scattered. Researchers took this
system and improved on it through intercropping/spacing
trials. They also attempted to introduce management practices
to further increase economic yield (Zhu, 1988).

Because the government was very interested in the
possible benefits for the farmer and the nation, they
supported the program. However, the depth of research was
stymied by a lack of trained people and available equipment.
Thus, spacing trials (for the trees) were conducted to
discover what the best spacing was for the most output
depending on whether the tree or the crop had priority. 1In

the early 1980’s it was premature to address the question of



36

why a given spacing was best or how the components of the

system interacted.

1.3.1.1. Chinese Academy of Forestry (CAF).

In 1983 the Chinese Academy of Forestry (CAF) with the
help of the International Development Research Centre (IDRC)
of Canada purchased land on a long term lease for Paulownia
research. This research area consisted of about 22 ha’ in two
work units and is located in Anhui Province, Dang Shan County.
At this experiment station, trials were established using a
randomized complete block design with three blocks of five
different densities (5 m x 6 m, Smx 10m, Smx 20m, 5 m x
40 m, and 5 m x 50 m). Each block was 0.2 ha'® and yield
plots were 0.6 m x 1 m.

In 1984 meteorological equipment was set up to measure
air temperature, relative humidity, evaporation,
precipitation, daily high and low air temperatures, soil
temperatures at 5, 10, 15, and 20 cm depths and wind speed
three times a day (0800, 1400, and 2000). Observations were
recorded continuously for 6 years on ecological factors,
biomass, mineral cycling, and energy flow. Measurement data
were taken on the tree, both above and below ground, to
describe its growth. Biomass of the tree was recorded and
yield of the crops at the different spacings noted.

Microclimate changes due to the trees were also recorded.

%330 mu.

13 mu.
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Light penetration was recorded for different tree/crop
combinations at different distances from the trees and at
different times of the season using equipment procured from
France. This equipment continuously measured light with spot
readings for three days at distances of 1 m, 5 m, 20 m, and 39
m from two tree lines that were 40 m apart. The objective of
the observations was to determine the key factors that
influenced growth in different crops of wheat, maize, and
cotton (Gossypium hirsutum) with different tree row spacing.
Observations were made for six years and as of January 1991
IDRC’s five year funding program had finished as had most of
the active research. The results of this work have been

compiled in a project summary report by Zhu (1990).

1.3.1.2. Paulownia Research Center -- Zhengghou.

In the late 1980’s a Paulownia research center was
established in Zhengzhou, Henan Province under the direction
of the Ministry of Forestry in Beijing. About 1988 they
established a research station in Luyi County of eastern Henan
Province. They too have begun spacing trials with Paulownia
intercropping with crops. At present (1993) they have been
awarded funds from the United Nations Development Program
(UNDP) for a five year period to continue their research in
many aspects of Paulownia. Many of their scientists are young

and the institute is just becoming fully staffed.
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1.3.1.3. Henan Agricultural University.

In Henan Province, where the Paulownia/wheat intercrop
system seems to have originated, Professor Jiang Jianping of
Henan Agricultural University (HAU) in Zhengzhou City has been
working with Paulownia for 30 years (Jiang, 1990). During
this 30 year period President Jiang and his staff have made
more than 10 significant achievements in Paulownia
silviculture and breeding. Since 1980 there has been an
increasing focus at Henan Agricultural University on Paulownia
intercropping.

In his book The Silviculture of Paulownia (Jiang, 1990 --
not translated into English), Prof. Jiang details the
Paulownia research that has been conducted at HAU. The
following is a list of the research areas:

1. Paulownia history

2. Paulownia distribution in China

3. Anatomy and morphology

4. Ecological aspects -- growth, light, temperature, and

soil moisture.

5. Physiology

6. Growth and development stages

7. Breeding -- Yu Xuan Yi Hao and Yu Za Yi Hao

8. Nursery practices and procedures

9. Regeneration by seed and cuttings

10. Pruning techniques for stem straightening
11. Afforestation

12. Paulownia intercropping with crops

13. Insects and diseases

14. Timber uses

Presently the research at HAU is centered on three
different aspects -- ecological, physiological, and
utilization. Concerning the ecological aspect, the focus is
on Paulownia intercropping with crops. The idea is to develop
several models for the farmers to see and then implement. In

the physiological area the main concern is to develop some
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cure or prevention for witches broom (Mycoplasma 1like
organisms, MLO) that attacks Paulownia. Lastly, the
utilization topic is intent on finding and improving the
economic benefits that accrue from Paulownia trees.

There are several faculty and staff that form the
Paulownia Research Institute at HAU with the objective of
investigating what has been termed the Artificial Ecological
System of Paulownia Intercropping with Crops (AESPIC). They
are conducting agroforestry/Paulownia intercropping research
at Henan Agricultural University and in the countryside on
farmer’s land. Current research interests include 1) 1light
distribution and utilization; 2) water changes, distribution,
and metabolism; 3) nutrient distribution, utilization and
cycling; 4) and temperature. Some of these research areas are
presently under investigation and some will be investigated in
the near future. At present HAU is trying to find cooperative
international organizations and scientists to help provide
external funds and equipment for collaborative research.

This study was designed to fit in with current work at
Henan Agricultural University. The aim was to explore the
resource sharing of PAR, nutrients, and water at the tree/crop
interface to help explain the relative contributions of these
and other factors on resulting tree biomass, and crop yield.
This coincided with the current areas of interest at Henan
Agricultural University.

Outside of China there 1is 1little research with
intercropping Paulownia species. Researchers in Australia and

New Zealand have shown some interest (Stephen, 1988; and Reid
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and Wilson, 1986) and there is recent interest in Paulownia as
a plantation species in Brazil, Paraguay, Argentina, the
United States, Malaysia, Indonesia, Pakistan, New Zealand and
Australia. Taiwan and Japan have had plantations for over 70
years, however, intercropping is not the major emphasis

(Stephen, 1988).

1.3.2. Paulownia Characteristics.

Taxonomically Paulownia is in the Scrophulariaceae
family. This tree is native to China and Jiang (1990) lists
9 species spread over most of the country. On the North China
Plain the main Paulownia species are Paulownia elongata
(Lankau Paotong or Lankau Paulownia), Paulownia fortunei (Bai
Paotong or White Flowered Paulownia), and Paulownia tomentosa
(Mau Paotong or Hairy Paulownia). One natural selection, Yu
Xuan Yi Hao (Henan Selection Number One), an open pollinated
P. fortunei hybrid and another hybrid, Yu Za Yi Hao (Henan
Hybrid Number One), P. tomentosa by P. fortunei, are now in
use in the North China Plain.

Yu Xuan Yi Hao was used in this research. It was first
noticed in Shandong Province to the northeast of Henan
Province. Seed was collected from the mother trees between
1972 and 1974 and seedlings were grown in a nursery. The best
seedlings were selected for field planting and afterward the
best of these were selected for root cuttings.

Research, at HAU, has shown that the root cuttings should
be planted in March at 6000 to 7500 trees ha'. They will grow

rapidly in July, August and September and can be harvested
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after the first frost or in the spring for transplanting.
These "sticks" reach 3-4 m after one year. If, however, the
cuttings are kept two years in the nursery, the stem is longer
(6-8 m), survival is higher and value per "stick" is
greater.!

Yu Xuan Yi Hao has several advantages over its parent
tree. It grows faster, is more vigorous and the bole is
longer and clearer. There is less forking so it does not have
to be pruned to get a straight stem. At the top of the tree
the branch angle is small relative to the main stem so the
main stem is more obvious. In addition the stem form is good,
with a long, narrow crown. The leaves are more oblong and a
dark green. In China Yu Xuan Yi Hao has been planted along
roads, along canals, in villages, around homes and for
agroforestry intercropping.

Yu Xuan Yi Hao also grows in diverse conditions, and is
widely distributed in several provinces. In Henan it does
equally well in the mountains or on the plains.

There is one major drawback to Yu Xuan Yi Hao and that is
its susceptibility to the disease witches broom. This factor
led to continued search for more resistant hybrids. The
result was a new hybrid Yu Za Yi Hao which is a cross of P.
tomentosa and P. fortunei. Today Yu Za Yi Hao is the choice
of the farmers because it is less susceptible to witches
broom. At the same time its early growth is faster than Yu

Xuan Yi Hao. Other characteristics include a main stem that

"Jiang Jianping, personal conversation, October, 1990.
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is easy to train so that the bole is straight, leaves that are
more egg shaped and a little lighter green, and a crown that
is rounded or egg shaped.

At present researchers in Henan are quite satisfied with
the growth rate of Paulownia, however, witches broom is still
a problem. The latest variety, still in the nursery stage, is
called Mau-Bai 083323 (P. tomentosa by P. fortunei). It not
only has faster growth than the other hybrids, it is also more

resistant to witches broon.

1.3.2.1. Paulownia Growth and Development.

Paulownia is a fast growing broadleaf tree with a
branching pattern and root morphology that make it suitable
for intercropping. Zhu et al. (1986) 1list the following

statistics on a few of the better growing trees:

Table 1.2. Fast Growing Paulownia Trees.

Species
P.elongata 17.1 34° 517
| P.elongata 17.5 34° 50/

| P.fortunei 44.0 28° 06’
| P.fortunei 21.7 28° 06’
| P.fortunei 22.0 00’

(After Zhu, 1986)

Paulownia is largely propagated by root cuttings.
Cuttings are grown in the nursery for up to 2 years and

planted as "sticks" with better stock being as tall as 7 m.
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Planting usually takes place in the spring. The leaves grow
rapidly and although large are generally sparse. The most
rapid growth occurs from June to September which coincides
with the period of maximum rainfall in eastern China. If tree
form is poor after the first year, Paulownia can be coppiced
at ground level and allowed to grow back.

Growth is indeterminant and continues until the first
frost. Over the winter the apical and several top axillary
buds become frost damaged, but the following spring bud growth
renews at a 1lower axillary bud. Different species have
different growth habits with some species having buds that
assume apical dominance and others tending to branch. Also,
some species tend to have growth spurts every few years while
others experience steady growth.

In the first few years the tree basically has a pole form
with few branches. During this time the root system is
establishing itself. With intercropping at 5 m x 10 m shading
becomes a problem about year 4 as the canopy begins to close.
The crown will grow to about a 10 m diameter by year 10.

The inflorescence is a cyme that has a peduncle longer
than the pedicels or that is sessile (Figure 1.7). Flowers
develop at approximately year 5 with the inflorescence
developing in the axil of smaller leaves in summer and autumn.
The Paulownia tree leafs out in the spring later than most
species, with flowers (if present) preceding leaves.

The root system has a distinctive morphology with two
defined root zones -- an upper zone (0-80 cm) and a lower zone

(below 80 cm). In the top strata 98% of the absorbing roots
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Figure 1.7. Paulownia fortunei Leaf and Inflorescence.
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are within a 4 m radius of the tree. Oonly 12% of these
absorbing roots are in the upper 40 cm with 70%-85% located
between 40 cm and 100 cm depths (Zhu et al., 1986).

The lower zone, which begins at .8-1 m, is comprised of
larger anchor roots and smaller feeder roots. Three to five
anchor roots extend into the ground in a claw shape and
penetrate into this lower horizon where they spread out as far

as 29 m horizontally (Zhu et al., 1986).

1.3.2.2. Litterfall.

In addition to rapid growth, Paulownia provides nutrients
through litter. Paulownia leaves contain 2.96% N, 0.08% P,
and 0.41% potassium (K) and one 7-year-old Paulownia tree
contains 40 kg of leaves fresh weight (Jiang, 1990). If each
ha has 60 trees' that are 7 years old, this will produce 1095
kg leaves ha'! dry weight. This is the same amount of protein
that can be obtained from an equal weight of bean casings.

Paulownia leaves fall in November during wheat’s
establishment phase and this may help the new crop. Since the
Paulownia tree continues its growth late in the fall, when a
frost comes the leaves will fall within a day or two making it
easy to collect them at one time. If there is no quick
freeze, farmers may from time to time be seen in their fields
collecting the leaves. They use them to feed farm animals or
to make compost. If the leaves are collected, litterfall will

not have a great effect on the soil. However, should the

2Four trees/mu.
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leaves remain on the ground as litter they will enhance soil

nutrients.

1.3.3. Winter Wheat cv You Zhi Bai Nong 3217 Characteristics.

The wheat cultivar, Triticum aestivum cv. You Zhi Bai
Nong 3217 ( 1/ ﬁ/i @ '/R ) a soft seed or common wheat, was
developed in China and is widely used in Henan Province. The
Agricultural Scientific and Technological Company in Henan
Agricultural University (1990) published an information sheet
about this cultivar. Some of its characteristics and
advantages include the following: The seed protein content of
this cultivar is higher than average as is the 1000 grain
weight, ranging from 35 to 43 grams (g).

You Zhi Bai Nong 3217 is a dwarf species which stands 75
to 80 cm tall and this helps reduce losses due to lodging. At
present not all farmers are interested in planting dwarf
wheat. The ripening period is a little earlier than other
cultivars which reduces the amount of time the wheat is
subject to loss from harsh environmental conditions. This
wheat resists low temperatures, drought and does well under
poor soil conditions. In addition when fertilizer and water
are added there is efficient utilization.

The time of planting is an important factor for seeding.
You Zhi Bai Nong 3217 has a long planting window -- from early
October to mid-November. This is an important consideration
on the North China Plain because there is often very little
rain during the planting season. Often the farmers must wait

for rain before sowing seed as they do not have irrigation.
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When planting in moderately fertile soils, fertilizer |is
applied, then each hectare receives about 120 kg seed®.
However, if planting is done late, more seed should be used
(150-188 kg ha')™. This will help offset the possible lower
survival rate due to harsh climatic conditions.

In addition to its dwarf height, the leaves form about a
45° angle and the head is a little bigger with more flowers
and more seeds. It also has more tillers than other wheat
cultivars which increases its yield potential. At the same
time it has been found to be less susceptible to disease. One
of its most noteworthy characteristics, though, is that it

consistently yields 4500-6000 kg ha'! .

1.3.3.1. Winter Wheat Growth and Development.

Wheat goes through several development phases during its
lifecycle to produce grain. Wheat storage capacity consists
of 1) establishing the number of grains or kernels and 2)
filling them. The former occurs before anthesis and the
latter after. Storage capacity is determined by several yield
components that develop sequentially during wheat growth
(Evans et al., 1980). These include 1) the number of ears per
unit area (tillers), 2) the number of spikelets per ear

(Figure 1.8), and 3) the number of florets per spikelet which

315-16 Jin mu’.
420-25 Jin mu’.

$600-800 Jin mu’.
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Spike

(After Lersten, 1987)

Figure 1.8. Wheat Inflorescence.



49
concludes at anthesis. The 1last stage 1is 4) kernel
development or grain filling.

Winter wheat is planted in the fall and will have about
3 leaves in a normal year before overwintering. During the
winter, wheat maintains a very slow leaf extension phase at
temperatures below 0° C (Gallagher et al., 1979).
Vernalization in winter wheat occurs at about 3° C (Evans et
al., 1980) and with warmer temperatures there is renewed
growth leading to floral initiation. This is the time when
the effective ears/unit area or tillers develop (see stage 1-3
of Feeke’s scale, Figure 1.9)

The period from floral initiation in the spring to
anthesis (Figure 1.10) is a critical time in wheat’s growth
and development. During this time the number of spikelets/ear
and florets/spikelet are developing and wheat needs optimum
amounts of nutrients, water, and PAR to establish maximum
grain production potential. This period corresponds to stem
extension and heading (stages 6 to 10, Figure 1.9) and can
take anywhere from two weeks to two months depending on the
cultivar and environmental conditions.

Flowering, which in central China is in late April,
occurs about 30 days before ripening. Following anthesis, the
last yield component, the kernel, develops. The kernel has
several stages of growth: 1) watery, 2) milky or early dough,
3) soft dough, 4) hard dough, and 5) hard (Lersten, 1987)

(Figure 1.10).
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Total grain weight is determined by the sequential
development of the 4 yield components. If one component does
not develop to its full potential due to environmental
conditions, the other components generally compensate so that
final yield is not reduced. The 1000-grain weight is
dependent upon environmental conditions after anthesis. Since
1000-grain weight is one of the components of total grain

weight, they are highly correlated.

1.3.4. Paulownjia and Wheat Compatibility.

Trees interspersed with crops may cause yield decrease of
both trees and crops due to shading or they could increase
crop yields due to sheltering effects. The degree of shading
is determined in part by the phenology of the two crops. The
wheat crop in Henan Province is planted in September or
October or as late as November depending on the moisture
availability. By early November, if the soil moisture is
still insufficient, it may be necessary to irrigate if that is
an option. Until mid to late November Paulownia trees may
still have their leaves. In this case shading may be a factor
during the establishment phase of the wheat.

During winter the tree is dormant, wheat grows slowly and
there is no competition. With spring and wheat floral
initiation the tree remains dormant. As 2Zhu et al. (1986)
noted, the Paulownia tree leafs out in late April, later than
most species. This allows the wheat to receive maximum
amounts of PAR during the stem extension and heading period,

when grain number is being determined.
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During the middle and late part of April (just before
wheat anthesis) Paulownia will begin flowering and leaf
emergence. In the 7 to 10 days following wheat anthesis,
Evans et al. (1980) state that 1low 1light will decrease
endosperm production which takes place in the watery stage and
early milky stage (early May). However, they also state that
temperature, not light, is the primary influencing factor on
wheat development during this time.

By mid-May the Paulownia leaves are about full size.
Although large, their sparse presence allows PAR penetration.
Starch formation begins in the milky stage (early to mid-May)
and continues through to the hard stage or maturity (end of
May). During this time there is a linear growth in kernel
weight if PAR is sufficient and wheat is not stressed (Evans
et al., 1980). By early June when the wheat is to be
harvested the Paulownia canopy still permits 40% to 50% light
penetration (Zhu et al., 1986). With good tree management
practices (spacing, clear bole, tree row orientation) tree
shade can be minimized.

The second (summer\fall) crop is influenced by a fully
developed tree canopy. This crop should be chosen carefully
and must be shade tolerant!®. As an example in a cotton plant
community, light-saturation is about 900 W m? (Connor, 1983),

higher than wheat. As expected, the Paulownia/wheat-cotton

Ypaulownia species have a fairly thin canopy and allow 20%
more light penetration than poplars, Populus tomentosa, 38%
more than black locust, Robinia pseudoacacia, (Zhu et al.,
1986) and 27% more than Tree of Heaven, Ailanthus altissima
(zhu, 1990).
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intercropping system has reported a 20% yield decrease for
cotton with 4-year-old trees at 5 m x 10 m spacings and a
14.5% decrease with 8-year-old trees at 5 m x 60 m (2Zhu,
1988). With maize as the second crop a 27.7% reduction was
noted with 8-year-old trees at 5 m x 50 m.

Aside from competition for PAR, there may also be root
competition for water and nutrients. However, the Paulownia
tree and wheat crop have limited competition. While wheat has
80% of its root system in the top 40 cm of the soil, the
Paulownia tree is reported to have only 12% of its absorbing
roots in this layer (Zhu et al., 1986). Also, tree roots, can
be trained to a degree to occupy different soil strata. When
the soil is plowed, tree roots are severed in the plow layer,
with remaining roots found at deeper levels.

The shelter effects of trees on crops can increase crop
yields by protecting against winds, reducing evaporation, or
providing a more favorable environment for microorganisms. Li
and Xiao (1992) state that 6 different agroforestry systems
were investigated in China and the Paulownia elongata and crop
system provided the best wind protection.

Zheng and Sheng (1989) found over a 12 year period a
field with Paulownia spaced at 6 m x 30 m outyielded a control
of monocrop wheat 4999 kg ha' versus 4513 kg hal,
respectively. This was 10.8% greater than the control and
illustrates the sheltering benefits of the trees. However, no
mention was made of irrigation or fertilization practices.

Zhu (1990) discussed the wheat yield increase in a

Paulownia/crop intercropping system. He found at 5 m x 50 m
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tree row spacing with trees 1-3 years old, wheat yield was the
same as a control with no trees. 1In year 4 there was a 5%
increase in yield with the trees. By year 7 there was an 8-
10% yield increase.

In the Paulownia tree/crop system little of the crop is
displaced by the tree causing minimal competition for space.
The wheat crop is grown between trees up to the base of the
trunk. The amount of land used by the tree will be only
slightly greater than the area of the diameter at breast
height which for 11-year-old trees averages about 5.0 m? ha'! "

or 0.05% of the total wheat growing area.

l1.4. CHINA -- THE RESEARCH SITE.

The research site was located in the People’s Republic of
China near the city of Zhengzhou, the provincial capital of
Henan Province (Figure 1.11). Henan measures 167,000 square
km (slightly smaller than the state of Washington with 176,479
square km) with 512 people per square km. Zhengzhou (with
1.66 million people) is approximately 35° North latitude and
113° East longitude. It is located on the North China Plain

just south of the Huang He (Yellow River).

From the mean diameter at 1.5 m of 33.6 cm, an estimate of 40
cm diameter at ground level (20 cm radius) was used for 40
trees/ha (60 m between rows and 5 m spacing between trees in
a row) at 11 years of age at the research site in Shu Zhuang
Cun.
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Figure 1.11. The Research Site.
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1.4.1. The North China Plain.

The North China Plain is a large plain that encompasses
the Huang (Yellow), Huai, and Hai rivers and their drainage
systemns. This plain includes the provinces of Henan,
Shandong, Hebei, Anhui, Jiangsu and the cities of Beijing and
Tianjin®. In Henan alone there are 3.33 million ha of
agricultural 1land of which 2 million ha are Paulownia
intercropping (Jiang, 1990).

In 1992, China’s English language newspaper, the China
Daily " stated that Henan was a major forested Province in
China and that by October 1991 all 94 of its counties were
green. This is quite an accomplishment considering that in
1981 the forest coverage on China’s plains was only 2% and
that by 1991 it was 12.8%%. These trees are primarily
planted along roads, along canals, around homes, and around
villages in the popular "4-side" program. The China Daily
calls these plantings tree walls and states that the middle
and upper reaches of the Yellow River (Zhengzhou is in the
middle reaches) had 67 million ha of trees planted in a 10

year program which helped reduce soil erosion by 15%.

Bchina has three administrative areas called "cities". They
are Beijing, Tianjin, and Shanghai. Each includes a city
proper and surrounding area. Other cities in China are
located within provinces or autonomous regions and are
responsible to the provincial government. Recently, however,
Special Economic Zones have been receiving more and more
autonomy and in some ways can be considered city-states.

YMarch 11, 1992.
Xchina Daily, March 11, 1992.

Zlpecember 15, 1991.
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Even though Henan is considered a "forested" Province, it
is still in the heart of one of the largest wheat growing
regions of China. 1In July 1991 the China Daily % reported
that China was the world’s largest wheat producer. This was
attributed to the increase in wheat production due to new
cultivars. There are 30 million ha of winter wheat in China
and 23 million ha or 78% are in 10 major provinces which

includes Henan?Z.

1.4.2. Chang Ge County and 8hu Zhuang Village.
Approximately 62 km to the South of Zhengzhou is Chang Ge

County. Chang Ge County is actually a small city, but it is
also an administrative area which includes an area of farmland
(about 17 km by 49 km) outside the city proper. Within this
area there are numerous small towns and villages which in
themselves have 2 levels of local government.

About 9 km to the northeast of Chang Ge is a small
village called Shu Zhuang Cun (Comfortable Village). The
research site is located adjacent to Shu Zhuang which has a
population of 957 and, as most villages in this area, it is
surrounded by farmland. There is a primary school in the
village, however, the secondary school is located in a
neighboring village about 2 km away. Since this province has
about 2% of the world’s population (second largest in China),

the villages are often very close to one another. The

ZJuly 31, 1991.

Bchina Daily, June 9, 1992.
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neighboring village which is about the same size as Shu Zhuang
is only a half kilometer (km) away. The local government that
administers these villages and several others is called Guan
Ting Xiang (Officer’s Stop Village). Guan Ting is located
approximately 5 km to the west of Shu Zhuang Cun proper on the
major north-south rail line.

As with most of China’s rural areas the younger
population is looking for employment outside the village in
township enterprises (factories and cottage industries) or are
starting their own small private businesses. Shu Zhuang,
however, is a bit far from the outskirts of the county proper

where many factories are springing up.

1.4.3. Boils.

Farming is the major occupation in the Shu Zhuang area.
Thus, the soil and its fertility are very important to the
farmers. According to Wei (1979) who has written about the
soils of Henan Province, the Chang Ge area soil type is
basically called You Huang Tu or an Oil Yellow Soil (literal
translation). This is a mixed fine sandy and silt soil. You

Huang Tu is porous and allows good air and water flow while

nutrient and water retention is average. The surface
structure is granular, underlain with clay. At depth the
structure is columnar. Table 1.3 further describes this

soil.
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Table 1.3. Henan Soils (After Wei, 1979).

SOIL DEPTH
SOIL ATTRIBUTE 0-25 cm 25-50 cm 50-100 cm
Organic Matter (%) 1.77 0.86 0.76
PH 8.2 8.25 8.25
Weight (g cm?) 1.31 1.46 -———-
specific weight 2.46 2.41 ————
pores (%) 46.7 40.0 0
Particle diameter (%) 11.4 9.9 11.4
>0.05 mm
Particle diameter (%) 62.3 59.8 62.3
0.05-0.005 mm
Particle diameter (%) 26.3 30.3 26.3
<0.005 mm
Soil type Fen Sha Fen Sha Nian | Fen Sha
Rang Tu | Tu (Silt Nian Rang
(Silt Clay) Tu (Silt
Loam?) Loam)

The plow layer (using animal or human labor to pull a
plow) was about 20 cm. With new prosperity a tractor was
becoming more commonplace and the plow layer was expected to
increase to 25 cm. The soil texture of the A and B layers (by
feel) was about the same (more smooth than gritty) with a
ribbon of 1-2 cm. The farmers felt that the soil contained
about 70% silt and 30% sand (a silt 1loam). These were
alluvial, loess soils and local expertise estimated the C
horizon at about 20 m. In addition to this being a typical
soil for the Chang Ge area, President Jiang” stated that the

Chang Ge soils are typical of the Huang Huai Hai Plain.

Arextural class taken from textural triangle.

Bpersonal conversation, July 1992.
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1.4.4. Irrigation.

Because 80% of the annual rainfall (500 to 900 mm) in
this area comes from mid-June to mid-September, irrigation is
often necessary to insure adequate moisture for winter wheat.
Irrigation is used in China’s wheat growing area where
available. Johnson and Beemer, (1977) on their trip to China
as part of a US wheat delegation, were told that 80% to 85% of
the wheat produced in China was under irrigation. However,
the China Daily * emphasized the necessity to upgrade farming
efficiency through irrigation as the gross irrigated land was
only a little over 46.7 million ha and that much of the
country still relied on rain from the "heavens" for a
successful crop.

China has embarked upon a more efficient method of
irrigation as the farmers begin to prosper and farm equipment
becomes more available. In some areas instead of pumping
water into earthen channels which lead to a section of a field
to be irrigated, the farmers are now using collapsible plastic
tubes to conduct the water. This saves a great deal in
seepage.

In the Guan Ting area a reservoir was built on a small
local river about 2 km to the west of Shu Zhuang which served
as a source of water for agriculture. Irrigation projects are
being expanded every winter during the slack season at the
urging and with the supervision of the government. The fields

to the south of Shu Zhuang, where the research was being

%March 26, 1992.
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conducted, had a new irrigation pump and electrical hookup

installed in 1992.

1.4.5. Intercropping Systems.

The existing two season cropping system in Chang Ge and
for much of Henan Province consists of admixtures of the tree
Paulownia elongata, P. fortunei, or the hybrids, Yu Xuan Yi
Hao and Yu Za Yi Hao, and wheat, followed by a second crop.
This is a multi-story/multi-crop system with Paulownia growing
11 to 13 m tall in 10 years. Winter wheat is the primary
annual crop and is harvested in early summer. Wheat and
Paulownia are sometimes intercropped with rapeseed (Brassica
campestris) which is harvested in May before the wheat crop.
Towards the end of the wheat cycle the fall crop may be seeded
between the wheat rows. After the wheat harvest the
sequential crop may include cotton, maize, soya beans (Glycine
max), sweet potato (Ipomoea batatas), or peanuts (Arachis
hypogea) which have been grown with varying success rates

under a tree canopy.

1.4.6. Tree Spacing.

Technology dissemination agents recommend three different
spacing patterns for Paulownia trees and crops depending on
the terrain and the farmer’s desired output. In hilly areas
where the soils are poor a wider tree row spacing is used.
This may be anything from 5 m x 30 m to 5 m X 60 m or more.
These areas are generally planted with the agricultural crop

as the main emphasis. Shu Zhuang used this wider spacing.
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The farmer’s land was laid out perpendicular to the row of
trees and because farmers only had small plots, each farmer
would only have 1 to 3 trees on the land he/she worked using
the household responsibility system. Thus, a community effort
was necessary.

A middle range for tree spacing is about 5 m x 20 m.
This is used on more fertile fields especially where
fertilizer and irrigation can support the tree and the crop.
Here, the farmer will be interested in both the tree and the
agricultural crop. A more progressive group of farmers may
plant the trees at 5 m x 10 m and then thin to 5 m x 20 m
after five years.

When the tree is the primary crop the spacing will
initially be 5 m x 5 m with crops grown between the trees
during the first four to five years. Then, every other tree
will be thinned about year four or five. Sometimes crops can
still be grown between the trees after thinning, but it
depends on the crop and the management practices. About year
eight there will be a row thinned and the harvest will be
between years 12 and 15. In systems where thinning is
required, dissemination agent input is necessary to help the
farmers understand and improve management techniques.

Zheng and Sheng (1989) state that 80% of the farms
employing Paulownia use a spacing of 5 m x 20 m thinned to 5
m X 40 m. Paulownia is the preferred species because of its
light transmission properties. Zhu (1988) also describes the
optimum intercropping strategy for agricultural production as

trees with an initial spacing of no closer than 5 m x 20 m for
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the first six to seven years. This is followed by thinning a
row so that a 5 m x 40 m spacing is established and a new row
of trees is planted where the others were harvested. Rotation
lengths are 10-11 years and the mid-cycle replanting
perpetuates the system.

President Jiang and his research staff at Henan
Agricultural University feel that the optimum spacing for
trees in areas where the soil conditions are of moderate to
poor fertility should be no closer than 5 m by 30 m. Often a
5mx 40 m or 5 m x 50 m spacing is recommended. This will
ensure that the farmer is able to harvest a good agricultural

crop and still have some trees for his/her own use.

1.4.7. Land Tenure.

Land tenure plays an important part in the development of
the Paulownia intercropping system. In the area around Chang
Ge County, land is redistributed to the farmers at intervals
so that each farmer will have land to cultivate. At Shu
Zhuang Cun, land was redistributed in 1983. The farmers
decided as a group to plant Paulownia on their land as a
collective effort. In order for the system to operate all of
the farmers on this plot of land had to agree to plant and
care for the trees. Depending on the size of the extended
family, the area designated to each farmer would be different
with larger families possibly working larger plots of land.

After consultation with the forestry officers in the area
it was decided that the plots of land would run perpendicular

to the row of trees. Each farmer would own the tree(s) on
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her/his plot of land, with 5 m spacing within the rows.
Farmers could replant a tree should one die or remove a tree
should it be of inferior quality.

When the makeup of the village changed to the extent that
land needed to be redistributed to allow for newcomers (newly
married couples) or for vacant land (due to a death or a
move), the village 1leader would make the appropriate
arrangements. At this time it would probably be necessary to
cut the trees and start the process over. As of 1991 Shu
Zhuang Cun was considering a land redistribution and the
trees, which were about 10 years old, were ready for harvest.
Thus, arrangements were made to keep the trees a little longer
for experimental purposes.

Sometimes local or county governments can encourage
villages to plant Paulownia trees to help the country and the
local area meet established goals. This may be necessary to
get the people to cooperate and plant the trees systematically

so as to achieve the benefits of scientific development.

1.5. OUTLINE OF THE DISSERTATION

There are 3 chapters to follow. In the next chapter (2)
the effects of distance and direction from a tree line, soils,
temperature, and shading on the yield of wheat in a Paulownia
and crop intercropping system are discussed. Chapter 3
investigates the interactions underneath the Paulownia trees,
including wheat and tree roots as well as orientation, and

their effect on wheat yield. The 4th chapter is a brief
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concluding chapter which attempts to delve into implications
and future direction as a spin off from this research.
Chapters 2 and 3 are designed for conversion into journal
articles (after editing). For this reason there is some
redundancy. Chapter 2 gives a much more detailed methodology
description than Chapter 3 so the reader is sometimes referred

back to Chapter 2 for more explanation.



67
1.6. REFERENCES

Akbar, G., M. Ahmad, S. Rafique and K. Babar. 1990. Effect
of Trees on the Yield of Wheat Crop. Agroforestry
Systems 11(1): 1-10.

Altieri, M.A., D.K. Letourneau, and J.R. Davis. 1983.
- Developing Sustainable Agroecosystems. Bio Science
33(1) :45-49.

Anderson, M.C. 1964. Light Relations of Terrestrial Plant
Communities and Their Measurement. Biological Review
39:425-486.

Arnold, J.E.M. 1983. Economic Considerations in Agroforestry
Projects. Agroforestry Systems 1(4): 347-360.

Barua, D.N. 1970. 1IV. 5 Light as a Factor in Metabolism of
the Tea Plant (Camellia sinensis L.). P. 307-322 in
Physiology of Tree Crops, L.C. Luckwill and C.V. Cutting,
eds. Academic Press, London.

Biggs, W.W. 1982. LI-188B Integrating
Quantum/Radiometer/Photometer Instruction Manual.
Publication No. 8004-4, serial numbers IQRB450-XXXX and
above. Lincoln, Nebraska.

Borel, R. 1985. Agroforestry Systems Interactions: Man-
Tree-Crop-Animal. P.104-121 in Advances in Agroforestry
Research, J.W. Beer, H. Fassbender, and J. Heuveldop,
eds. Catie/GTZ, Costa Rica.

Brandle, J.R. 1987. Response of Winter Wheat to Shelter in
Eastern Nebraska. P.107-108 in Windbreak and Shelterbelt
Technology for Increasing Agricultural Production,
M.D.Benge, compiler. Bureau for Science and Technology,
Office of Forestry, environment, and Natural Resources,
USAID, Washington D.C.

Buck, M.G. 1986. Concepts of Resource Sharing in
Agroforestry Systems. Agroforestry Systems 4:191-203.

Campbell, C.A., W. Pelton, and K. Nielsen. 1969. Influence
of Solar Radiation and Soil Moisture on Growth and Yield
of Chinook Wheat. canadian Journal of Plant Science
49 (6) :685-699.

Cannell, M.G.R. 1983. Plant Management in Agroforestry:
Manipulation of Trees, Population Densities and Mixtures
of Trees and Herbaceous Crops. Chapter 29 in Plant
Research and Agroforestry, P. Huxley, ed. ICRAF,
Nairobi, Kenya.



68

Carr, M.K.V. 1970. The Role of Water in Growth of the Tea
Crop. P. 287-305 in Physiology of Tree Crops, L.C.
Luckwill and C.V. Cutting, eds. Academic Press, London.

Carr, M.K.V. 1972. The Climatic Requirements of the Tea
Plant: A Review. Experimental Agriculture 8:1-14.

Connor, D.J. 1983. Plant Stress Factors and Their Influence
on Production of Agroforestry Plant Associations.
Chapter 27 in Plant Research and Agroforestry, P.A.
Huxley, ed. ICRAF, Nairobi, Kenya.

Corlett, J., C. Ong and C.R. Black. 1989. Microclimatic
Modification in Intercropping and Alley-cropping Systems.
P. 419-430 in Meteorology and Agroforestry, W.S.
Reifsnyder and T.O. Darnhofer, eds. ICRAF, Nairobi,
Kenya.

Cunningham, R.K., and J. Lamb. 1959. A Cocoa Shade and
Manurial Experiment at the West Africa Cocoa Research
Institute, Ghana. First Year. Journal of Horticultural
Science 34:14-22.

Cunningham, R.K., R.W. Smith, and R.G. Hurd. 1961. A Cocoa
Shade and Manurial Experiment at the West Africa Cocoa
Research Institute, Ghana. Second and Third Years.
Journal of Horticultural Science 36:116-125.

Darnhofer, T., D. Gatama, P. Huxley, and E. Akunda. 1989.
The Rainfall Distribution at a TCI. P. 371-382 in
Meteorology and Agroforestry, W.S. Reifsnyder and T.O.
Darnhofer, eds. ICRAF, Nairobi, Kenya.

Day, A.D., A. Alemu, and E.B. Jackson. 1976. Effect of
Cultural Practices on Grain Yield and Yield Components in
Irrigated Wheat. Agronomy Journal 68 (1):132-134.

Erickson, P.I., M.B. Kirkham, and J.F. Stone. 1979. Growth,
Water Relations, and Yield of Wheat Planted in Four Row
Directions. Soil Science Society of America Journal
43(3):570-574.

Evans, L.T., I.F. Wardlaw and R.A. Fischer. 1980. Wheat.
Chapter 5 in Crop Physiology -- Some Case Histories,
L.T.Evans, ed. Cambridge University Press, New York.

Ewel, J.J. 1986. Designing Agricultural Ecosystems for the
Humid Tropics. Annual Reviews Ecological Systems 17:245-
71.

Fischer, R.A. 1975. Yield Potential in Dwarf Spring Wheat
and Effect of Shading. Crop Science 15(5):607-613.



69

Fortmann, L. and J.W. Bruce, eds. 1988. Whose Trees?
Proprietary Dimensions of Development. Westview Press,
Boulder, Co. 341p.

Foth, H.D. 1990. Fundamentals of Soil Science. John Wiley
and Sons, New York. 435p.

Francis, C.A. 1986. Multiple Cropping Systems. Macmillan
Publishing Company, New York. 383p.

Gallagher, J.N., P.V. Biscoe and J.S. Wallace. 1979. Field
Studies of Cereal Leaf Growth. IV. Winter Wheat Leaf
Extension in Relation to Temperature and Leaf Water
Status. Journal of Experimental Botany 30(117) :657-668.

Henan Agricultural University. No date. You Zhi Bai Nong
Excellent (Quality Wwhite Agricultural 3217. Henan
Agricultural ©University Agricultural Science and
Technology Reform Company. 2Zhengzhou, PR China.

Huck, M.G. 1983. Root Distribution, Growth, and Activity
with Reference to Agroforestry. Chapter 32 in Plant
Research and Agroforestry, P.A. Huxley, ed. ICRAF,
Nairobi, Kenya.

Huxley, P.A. 1967. The Effects of Artificial Shading on Some
Growth Characteristics of Arabica and Robusta coffee
Seedlings. I. The effects of shading on dry weight, leaf
area and derived growth data. The Journal of Applied
Ecology 4(2):291-308.

Huxley, P.A. 1985a. The Tree/Crop Interface -- or
Simplifying the Biological/Environmental Study of Mixed
Cropping Agroforestry Systems. Agroforestry Systems
3(3):251-266.

Huxley, P.A. 1985b. The Basis of Selection, Management and
Evaluation of Multipurpose Trees -- An Overview. Chapter
2 in Attributes of Trees as Crop Plants, M.G.R. Cannell
and J.E. Jackson, eds. Institute of Terrestrial Ecology,
NERC, UK.

Huxley, P.A. 1987. Agroforestry Experimentation: Separating
the Wood from the Trees? Agroforestry Systems 5:251-275.

Huxley, P.A. 1989. Experimental Designs for Multipurpose-
Tree Research. P. 83-101 in Multipurpose Trees:
Selection and Testing for Agroforestry, P.A. Huxley and
S.B. Westley, eds. ICRAF, Nairobi, Kenya.

Huxley, P.A. E. Akunda, T. Darnhofer, D. Gatama and A. Pinney.
1989a. Tree/Crop Interface Investigations Preliminary
Results with Cassia siamea and Maize. P. 361-370 in
Meteorology and Agroforestry, W.S. Reifsnyder and T.O.
Darnhofer, eds. ICRAF, Nairobi, Kenya.



70

Huxley, P.A., T. Darnhofer, A. Pinney, E. Akunda and D.
Gatama. 1989b. The Tree/Crop Interface: A Project
Designed to Generate Experimental Methodology.
Agroforestry Abstracts 2(4):127-145.

Jackson, J.E. 1983. Light Climate and Crop-Tree Mixtures.
Chapter 25 in Plant Research and Agroforestry, P.A.
Huxley, ed. ICRAF, Nairobi, Kenya.

Jackson, J.E. 1989. Tree and Crop Selection and Management
to Optimize Overall System Productivity, Especially Light
Utilization, in Agroforestry. P. 163-173 in Meteorology
and Agroforestry, W.S. Reifsnyder and T.O. Darnhofer,
eds. ICRAF, Nairobi, Kenya.

Jackson, J.E. and J.W. Palmer. 1989. Light Available at the
Tree/Crop Interface. P. 391-400 in Meteorology and
Agroforestry, W.S. Reifsnyder and T.O. Darnhofer, eds.
ICRAF, Nairobi, Kenya.

Jackson, J.E., P. Hammer, B. Jackson. 1989. Water Balance
and Soil Water Relations Studies in a Mixed
Tree/Grass/Bare-Soil System. P. 431-442 in Meteorology
and Agroforestry, W.S. Reifsnyder and T.O0. Darnhofer,
eds. ICRAF, Nairobi, Kenya.

Jiang, Jianping, ed. 1990. The Silviculture of Paulownia.
China’s Forestry Publishing House, Beijing, PR China.

Johnson, V.A. and H.L. Beemer Jr., eds. 1977. Chapter 1 in
Wheat in the People’s Republic of China. National
Academy of Science, Washington D.C.

Kang, B.T., H. Grimme, and T.L. Lawson. 1985. Alley Cropping
Sequentially Cropped Maize and Cowpea with Leucaena on a
Sandy Soil in Southern Nigeria. Plant and Soil 85: 267-
277.

Kirkham, M.B. 1982. Orientation of Leaves of Winter Wheat
Planted in North-South or East-West Rows. Agronomy
Journal 74(5):893-898.

Large, E.C. 1954. Growth Stages in Cereals -- Illustration
of the Feekes Scale. Plant Pathology 3:128-129.

Lersten, N.R. 1987. Morphology and Anatomy of the Wheat
Plant. Chapter 2 in Wheat and Wheat Improvement E.G.
Heyne, ed. American Society of Agronomy, Inc.; Crop
Science Society of America, Inc.; Soil Science Society of
America, Inc., Madison, Wisconsin.

Li, Shengxiu and Ling Xiao. 1992. Distribution and
Management of Drylands in the People’s Republic of China.
P.147-302 in Advances in Soil Science, Volume 18, B.A.
Stewart ed. Springer-Verlag, Berlin.



71

List, R.J. 1951. Smithsonian Meteorological Tables.
Smithsonian Institution, Washington D.C. 527p.

Loomis, R. and C. Whitman. 1983. Systems Analysis in
Production Ecology. Chapter 15 in Plant Research and
Agroforestry, P.A. Huxley, ed. ICRAF, Nairobi, Kenya.

MacDicken, K.G. and N.T. Vergara. 1990. Agroforestry --
Classification and Management. John Wiley and Sons, New
York. 382 p.

McCulloch, J.S.G., H. Pereira, O. Kerfoot, N. Goodchild.
1965. Effect of Shade Trees on Tea Yields. Agricultural
Meteorology 2:385-399.

Monteith, J.L. 1975. Vegetation and the Atmosphere Vol.1l--
Principles. Academic Press, London. p.278.

Neumann, I.F. and P. Pietrowicz. 1989. Light and Water
Availability in Fields with and without Trees. An
Example from Nyabisindu in Rwanda. P. 401-405 in
Meteorology and Agroforestry, W.S. Reifsnyder and T.O.
Darnhofer, eds. ICRAF, Nairobi, Kenya.

Pendleton, J. and R. Weibel. 1965. Shading Studies on Winter
Wheat. Agronomy Journal 57:292-293.

Puri, S. and K.S. Bangarwa. 1992. Effects of trees on the
yield of irrigated wheat crop in semi-arid regions.
Agroforestry Systems 20:229-241.

Raintree, J.B. 1987. D and D User’s Manual: An Introduction
to Agroforestry Diagnosis and Design. ICRAF. Nairobi,
Kenya. 110p.

Rehman, S. 1978. Effect of Shelterbelts on Yield of Wheat
Crop in Mastung Valley (Baluchistan). The Pakistan
Journal of Forestry 28(1):4-6.

Reid, R. and G. Wilson. 1986. Agroforestry in Australia and
New Zealand. Goddard and Dobson, Victoria, Australia.
255p.

Reifsnyder, W.E. 1989. Control of Solar Radiation in
Agroforestry Practice. P. 141-156 in Meteorology and
Agroforestry, W.S. Reifsnyder and T.0. Darnhofer, eds.
ICRAF, Nairobi, Kenya.

Rizvi, S.J.H. and V. Rizvi. 1985. Improving Crop
Productivity in India: Role of Allelochemicals. P. 69-
75 in Allelochemicals: Role in Agriculture and Forestry,
G.R. Waller ed. American Chemical Society, Washington.



72

Ross, J. 1975. Radiative Transfer in Plant Communities.
Chapter 2 in Vegetation and the Atmosphere, J.L.
Monteith, ed. Academic Press, New York.

Sanchez, P.A., C.A. Palm, C.B. Davey, L.T. Szott and C.E.
Russell. 1985. Tree Crops as Soil Improvers in the
Humid Tropics? Chapter 20 in Attributes of Trees as Crop
Plants, M.G.R. Cannel and J.E. Jackson, eds. Institute
of Terrestrial Ecology, NERC, UK.

Sanchez, P.A. 1987. Soil Productivity and Sustainability in
Agroforestry Systems. P. 205-223 in Agroforestry: A
Decade of Development, H.A. Steppler and P.K.R. Nair,
eds. ICRAF, Nairobi, Kenya.

Sheikh, M.I. and A.M. Chinma. 1976. Effect of Windbreaks
(Tree Rows) on the Yield of Wheat Crop. The Pakistan
Journal of Forestry 26(1):38-47.

Sheng, T. 1986. Watershed Concerns in Agroforestry. P. 84-
89 in Watershed Conservation -- A Collection of Papers
for Developing Countries. The Chinese Soil and Water
Conservation Society and Colorado State University. Fort
Collins, Colorado.

Simmons, S.R. 1987. Growth, Development and Physiology.
Chapter 3 in Wheat and Wheat Improvement, E.G. Heyne, ed.
American Society of Agronomy, Inc.; Crop Science Society
of America, Inc.; Soil Science Society of America, Inc.,
Madison, Wisconsin.

Smith, D.M. 1986. The Practice of Silviculture, Seventh
Edition. John Wiley and sons, New York. 578p.

Stephen, P. 1988. The Paulownia. Project report, Major
Study, Stage three, Bachelor of Applied Science
(Agriculture). VCAH, Dookie Campus, Australia. 97p.

Tejwani, K.G. 1987. Agroforestry Practices and Research in
India. P. 123-124 in Agroforestry: Realities,
Possibilities and Potentials, H.L. Gholz, ed. Marinius
Nijhoff Publishers, Boston.

Trenbath, B.R. 1976. Plant Interactions in Mixed Crop
Communities. P.129-169 in Multiple Cropping, M. Stelly,
ed. American Society of Agronomy, Crop Science Society
of America, Soil Science Society of America, Madison,
Wisconsin.

van Noordwijk, M. and Y.R. Dommergues. 1990. Root
Nodulation: The Twelfth Hypothesis. Agroforestry Today
2(2):9-10.

Vandermeer, J. 1989. The Ecology of Intercropping.
Cambridge University Press, New York. 237p.



73

von Maydell, H.-J., G. Budowski, H.N. Le Houerou, B. Lundgren
and H.A. Steppler, eds. 1982. What is Agroforestry?
Agroforestry Systems 1(1):7-12.

Wei, Kexun. 1979. Henan Soils. People’s Publishing House of
Henan Province, PR China.

Wilson, G.F., B.T. Kang and K. Mulongoy. 1986. Alley

- Cropping: Trees as Sources of Green-Manure and Mulch in

the Tropics. Biological Agriculture and Horticulture
3:251-267.

Wilson, J. 1990. Agroforestry and Soil Fertility, The
Eleventh Hypothesis: Shade. Agroforestry Today 2(1) :14-
15.

Young, A. 1987. Soil Productivity, Soil Conservation and
Land Evaluation. Agroforestry Systems 5: 277-291.

Young, A. 1989a. Ten Hypotheses for Soil-Agroforestry
Research. Agroforestry Today 1(1):13-16.

Young, A. 1989b. Agroforestry for Soil Conservation. C.A.B.
International and ICRAF, Uk. 276p.

Zheng, H.2. and D. Sheng. 1989. Research on
Intercropping Paulownia on Small Farms. P. 180-183 in
Multipurpose Tree Species Research for Small Farms:
Strategies and Methods, C. Haugen, L. Medema, and C.
Lantican, eds. Proceedings of an Inter-National
Conference held November 20-23, 1989 in Jakarta,
Indonesia. Forestry/Fuelwood Research and Development
Project and International Development Research Centre of
Canada.

Zhu, 2Zhaohua; Chingju Chao; Xinyu Lu; and Yaogao Xiong.
1986. Paulownia in China: Cultivation and Utilization
ed. by A.N. Rao. Asian Network for Biological Sciences
and International Development Research Centre.
Singapore.

Zhu, Zhaohua. 1988. A New Farming System Crop/Paulownia
Intercropping. P. 65-69 in Multipurpose Tree Species for
Small-Farm Use, Proceedings of an international workshop
held November 2-5, 1987 in Pattaya, Thailand, D.
Withington, K. MacDicken, C. Sastry, N. Adams, eds.
Winrock International 1Institute for Agricultural
Development, USA and International Development Research
Centre, Ottawa, Canada.

Zhu, 2Zhaohua. 1990. Comprehensive Evaluation and Model
Optimization of Paulownia-Crop Intercropping System -- A
Project Summary Report--Draft copy. Research Institute
ofiForestry, Chinese Academy of Forestry. Beijing, P.R.
China.



CHAPTER 2

WHEAT YIELD IN A PAULOWNIA INTERCROPPING SYSTEM:
EFFECTS OF DISTANCE, SOILS, TEMPERATURE, AND SHADING.

ABSTRACT

A Paulownia-winter wheat intercropping experiment with a
focus on photosynthetically active radiation (PAR) and root
competition was conducted 60 km south of Zhengzhou (35° N 113°
E) , Henan Province, PR China, from September 1991 to July 1992
using a tree/crop interface approach. The middle row of three
240-m long rows of 1ll-year-old trees was studied for its
effects on the yield of irrigated and fertilized winter wheat.

PAR was quantified using a split-plot design with four
blocks. There were 4 distance treatments (2.5, 5, 10, and 20
m) and 2 direction treatments (east and west of a north-south
tree line). Results showed no difference in direction effects
but PAR did affect total grain weight (p=.0047) between 2.5 m
and 20 m. A regression equation was fit using the mean for
each distance treatment: Y = 391.7 + 4.57 X with r? = .9310
indicating an increase of 4.57 g m? (45.7 kg ha! or 6.1 jin mu
') over a distance of 2.5 m to 20 m from the trees.

In a shading experiment with trees and artificial shade
as shaded plots, yield was greater in non shaded plots {total
grain weight (p=.0440) and 1000-grain weight (p=.0135)}.
Results of soils under the trees versus away from the trees
were inconclusive. Controls employed a different planting

scheme and were not comparable to the plots with trees.
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2.1. INTRODUCTION

In the more developed countries much work has been done
in monocropping systems to determine the factor combinations
for maximum quantitative yield. The same is true for
silviculture practices to obtain optimum tree harvest
schedules. However, evaluation of specific tree and crop
combinations is very new.

A case in point is the Paulownia tree, native to China,
and wheat, China’s leading staple crop. Agroforestry has a
long history in China. With 1.17 billion people and only 7%
of the world’s arable land the Chinese people have 1long
realized the importance of incorporating multipurpose trees
into their agricultural units. This research was conducted on
the temperate North China Plain in Henan Province, the second
most populated province in China with about 2% of the world’s
population. 1In 1981 when the Paulownia trees were planted at
this research site, wood was scarce, the farmers were poor,
and soil fertility was considered medium to low. Farmers felt
that Paulownia and wheat were compatible and were willing to
try this new system with the support of the County Forestry
Bureau.

Today (1993) China is changing very fast. Agroforestry
systems with Paulownia are in their second generation.
Planting schemes have been modified, land tenure reform has
taken place and new Paulownia hybrids have been developed.
Still, many of the basic relationships in this biological

plant/tree system are only now being investigated in some part
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thanks to funding and personnel from research organizations
outside of China. Cooperative research is expanding.

The literature reveals new methodologies such as the
tree/crop interface (Huxley, 1987) that have been developed
since 1985. Nonetheless, experimental results for specific
tree/crop combinations are lacking. Research questions of
interest include yield differences with and without trees,
photosynthetically active radiation (PAR) interception at
different tree spacings, and PAR infiltration at different
canopy densities, arrangement, and orientation.

Nutrient inputs can be manipulated to explore effects on
crop yield, and water can be applied or withheld to induce
stress on the plants, thereby affecting nutrient uptake,
stomatal closure or senescence. As they develop, tree/crop
combinations should also be tested in different soil and
climatic conditions before they are replicated on a large
scale.

Tree and crop interactions are also of experimental
interest. Previous work on crops under trees or wheat with
trees has been reported, for example: Tejwani (1987), Barua
(1970), McCulloch et al. (1965) and Carr (1972) with tea;
Cunningham and Lamb (1959) with cacao; and Brandle (1987),
Sheikh and Chima (1976), Akbar et al. (1990), Rehman (1978),
Puri and Bangarwa (1992), Zhu et al. (1986), Jiang (1990), and
Zhu (1990) with wheat. Shading studies with wheat include
Fischer (1975), Willey and Holliday (1971) and Pendleton and
Weibel (1965).
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While the degree of competition between tree and crop
roots for water and nutrients is an important question,
studies done in monocropped systems with shade may not affect
wheat the same as a tree would.

In agroforestry experimentation, PAR is often confounded
with other factors and it is not possible to isolate PAR under
a canopy from shelter effects such as wind, temperature
changes or differences in soil moisture due to trees. It is
necessary to evaluate environmental variables such as soil and
air temperatures, PAR, precipitation, and wind to determine
their extent of influence on yield through changes in the
microclimate.

While it is important to analyze the interactions within
a tree/crop system, it is necessary to determine the effects
of an individual variable such as PAR on wheat yield. Only
then can it conclusively be said that PAR is or is not a
factor under certain conditions. At that point other
variables (i.e., water, nutrients) can be isolated. With an
established knowledge base for each individual factor, the
system’s interactions can be studied.

Henan Agricultural University (HAU) President, Professor
Jiang Jianping and his research staff have an active, on-going
research program with the tree Paulownia. One phase of their
present research is the effect of PAR on wheat yield. This
research was conducted in collaboration with the research
staff of HAU'’s Paulownia research institute located in
Zhengzhou, Henan Province, PR China (35° North latitude, 113°

East longitude).
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2.2. OBJECTIVES AND HYPOTHESES

2.2.1. Objectives

This study focussed on one aspect of the system
components, the tree/crop interface, in a Paulownia and wheat
intercropping system. Within the interface, the objective was
to isolate and determine the effects of PAR on the yield
components of wheat.

Several experiments were designed to examine the effects
of PAR on wheat yield at 2.5, 5, 10, and 20 m distances from
a tree line in a Paulownia and wheat intercropping system.
Microclimate variables were monitored to determine the extent
of influence on wheat yield. While the main thrust of these
experiments was the PAR under the tree canopy and its effect
on microclimate and yield, the underground portion of the
system also plays an important role. To prevent competition
for nutrients and water, below ground root barriers were

placed between the tree and the measured yield plots.

2.2.2. Hypotheses
Several questions were proposed as hypotheses:

1) Wheat yield in the Paulownia/wheat intercropping
system will not be affected by different amounts of total
daily PAR created by the tree canopy.

2) Relative to a Paulownia north-south tree line, wheat
yield is not affected by east/west orientation.

3) Under irrigated conditions, soil moisture changes due
to wind, shading, stemflow and throughfall under the tree
canopy will not affect wheat yield.
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4) Different air temperatures caused by shade from the
Paulownia trees will not affect wheat phenological
development in various parts of the tree/crop interface.
5) Wheat yield in soils where ll-year-old Paulownia trees

have been removed is no different than yield from soils
that had no prior influence from the trees.

2.3. METHODOLOGY

2.3.1. Field Layout

The experimental fields were located "on-farm" adjacent
to the village of Shu Zhuang Cun (Figure 2.1) (approximately 62
km south of Zhengzhou, Henan Provence). The large field south
of the village gardens contained 3 rows of 1ll-year-old
Paulownia trees. The rows were about 240-m long and ran
north-south. Two rows were west of the north-south one-lane
road in the center of the figure, the other to the east. The
middle row of full grown trees contained the trees to be
studied and the other two acted as guard rows. Yield plots
were situated to the east and west of this tree line out to 20
m.

The 3 rows of full-grown trees had 5-m spacing between
trees; the western row was 60 m and the eastern row about 70
m from the center row. Two control plots were located at the
southern end of the tree area in a large open field. Two
factors were taken into account when locating the control plot
areas. First, the distance from the trees in the experimental
site considering shading and the prevailing spring winds;

second, the cropping history of the fields.
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The prevailing wind during the wheat development period,
especially when the Paulownia leaves were present, was
predicted to be primarily from the south. Thus, the first
control was situated 20 m south of the tree area, well away
from any tree shading. Control plot area 1 was located so as
to avoid affects of trees on relative humidity.

Control plot area 2 was located further to the south
(about 150 m) of control 1 as an extra precaution in case the
winds proved to be from a non-southerly direction. The
shelter effects from the 2 full grown tree lines to the east
and west of the center row of trees offered the same wind
protection because their distances and heights were very
similar.

Figure 2.1 also displays the irrigation system that was
used for this research project. 1In the middle of the area
with the trees there was a pump house that had just been
constructed. The control, however, was part of a different
irrigation system and a special arrangement was made to make
sure the controls were irrigated the same time as the tree
area. The irrigation trough in the northern area was
continued across the road to the 2 control areas and irrigated

with water from the pump house in Fig 2.1.

2.3.2. BExperimental Design

In this experiment wheat yield at different distances
from the Paulownia tree line was quantified. The primary
factor under study was the influence of PAR on wheat yield.

Two other supporting experiments included: 1) a comparison of
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wheat yield under artificial shade to an area with no trees
and a third set of plots under trees to examine temperature
and shading effects and 2) a comparison of wheat yield at two
locations in an area where trees were removed just before

planting wheat to investigate the effects of trees on soils.

2.3.2.1. Distance and direction experiment. A randomized
complete block design with 4 blocks was employed (Figure 2.2)
on a north-south tree 1line to counter the effects from
differences in soil conditions and gradients, cultural
practices, and tree size.

Within a block, trees of approximately the same size
(height and crown diameter) were selected to insure uniform
shading effects. Four consecutive trees were selected for
each block. However, in block 3, two trees were deemed too
small to be used as selected trees. Thus, there were 6 trees
in the block and only 4 contained transects with yield plots.
Each block also contained a guard tree on the north and the
south end. Sometimes the guard tree was also one of the
selected trees in the adjoining block. Two blocks were
located in the northern end of the field while 2 blocks were
in the southern end.

This was a 2 factor factorial experiment with 4 distance
treatments and 2 direction treatments, replicated 4 times.
Yield plots were randomly located on transects perpendicular
to the north-south tree line at each selected tree. 1In each
block, 4 treatments (distances) were randomly assigned to the

east and west sides of the tree line. Each yield plot
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consisted of 3 quadrats (sub-samples), each measuring 1 m x 3

rows with rows 20 cm apart. A split plot design was employed

using the model:

Y'i Y__+Mj+Bi+aﬁ+Sk+Ii+€ijk.

where Main plot treatment
Block

Main plot error
Subplot treatment
Interaction term

M
B
a
]
I
€ Subplot error

The main plot treatments (the directions east and west) were
not randomly chosen due to the fixed nature of their
positions, however, it was assumed this model would still be
valid. The subplot treatments consisted of selected distances
from the tree line of 2.5, 5, 10, and 20 m and there were 3

missing points (see partial ANOVA Table 2.1 below).

Table 2.1. Partial ANOVA--Distance and Direction Experiment.

Source daf

Block

|
|
|

Main Plot-Direction

Main Plot-Error
Sub Plot-Distance

W W = W

[

Linear
Quadratic

Cubic

=

]

[

Distance x Direction 3
Sub Plot-Error 15

Total Sub Plot 28

2.3.2.2. Temperature experiment. In the first supporting

experiment -- temperature -- five trees were cut and three
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artificially shaded yield plots were established (Figure 2.3)
in an effort to study the effects of temperature on wheat
yield without the presence of the trees. A completely
randomized design was used with the following model:
Yy =Y + T, + ¢ where

= treatments
= error

T

€

There were 3 treatments -- 1) the unshaded plots in the

"cut tree" area, 2) the artificially shaded plots, and 3) the

plots at 2.5 m East (2.5E) in Blocks 1, 3, and 4. Only 3

plots at 2.5 m were used so that there was a balanced

design?’. The unshaded plots were randomly located at 20 m

West (20W) on transects where trees #24-#28 had been cut. The
artificial

shade was located at the north edge of the "cut tree" area at

20 m West, 18 m East (18E) and 20 m East (20E). In both the

unshaded and artificially shaded plots, 2 gquadrats were

harvested per plot and then averaged for the plot yield. The

plots in Blocks 1-4 at 2.5E as mentioned earlier had 3

quadrats per yield plot (See ANOVA -- Table 2.2 =-- below).

Table 2.2. Partial ANOVA--Temperature Experiment.

Source daf
Treatment
Error 6 “
Total 8 H

Z7Replication 2 was not used because there was good reason to
believe this yield plot received excess trampling by numerous
curious farmers who came to "visit" the researchers causing a
low yield in this general position.



86

Block 4

Tree line

Block 3

50 Lo of

X 26
x 25
X 24

Block 5

Q0[]

— Tree number

Block 2 x Cut tree

............................................................ o Quadrat
& O Plot
Block 1 N D Artificial

shade
plot

Figure 2.3. Temperature Plot Plan.



87

2.3.2.3. Boils experiment. The second supporting
experiment -- soils -- was designed to investigate the soils
in the "cut tree" area in yield plots at 2.5 m versus 20 m
(Figure 2.4). This was a single factor experiment utilizing
a randomized complete block design with the following model:

Yy =Y + B + T + q where
Blocks

Treatments

B
T
a error

Each block consisted of a plot at 20W comprised of the
mean of 2 quadrats and a plot at 2.5E. One farmer’s plot was
selected as one block to minimize variation in cultural
practices including fertilizer application and irrigation.
Blocks II and III, corresponding to cut trees #26 and #27,
respectively, each used the mean of 2 quadrats per plot.
However, it was necessary to average 6 quadrats at trees 24
and 25 for the 2.5 m plot due to a recording error which made
it impossible to distinguish exact quadrat locations. These
6 quadrats were from Tree 24 -- 2.5W, and Tree 25 -- 2.5E and

2.5W.

Table 2.3. Partial ANOVA--Soils Experiment.

Source

1Blocks

1Treatment




88

Cut Tree Area

Tree number

@ 27 @ ——Block 3

(> % =) [ —Block 2

........................................................................

— Block 1

¢ Cut tree
o Quadrat

() vield plot

M Meteorological stand

—  Transect
Thermometers

Figure 2.4. Soils Plot Plan.



89

2.3.2.4. Control area. The 2 control areas, located away
from the influence of the trees, were each established with
yield plots on one east-west transect (Figure 2.1). A
simulated tree trunk about 20 cm high was placed in the
control to mark the center point of the control area. Then
plots were located at 2.5, 5, 10, and 20 m to the east and

west of this simulated tree trunk.

2.3.3. Field History

According to local farmers, the area where the Paulownia
trees were located maintained the same crops and crop rotation
prior to tree establishment in 1981 as 1l-year-old nursery
stock and every year subsequently. The standard rotation was
wheat sown in the winter followed by sequential cropping of
intercropped corn (Zea mays) and soya beans (Glycine max)
planted in the summer. The control area, on the other hand,
belonged to a different village and they did not always plant
corn and soya beans. The summer before the 1991 wheat sowing,
some of the farmers in this large area had planted peanuts
(Arachis hypogea) instead of corn. Thus, another
consideration when determining the area for the control was to
insure that the summer 1991 crop consisted of intercropped

corn and soya beans.

2.3.4. Wheat Development
Wheat goes through several development phases during its
lifecycle to produce grain. Wheat storage capacity consists

of 1) establishing the number of grains or kernels and 2)
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grain filling (Figure 1.10). The former occurs before
anthesis and the latter after. Storage capacity is determined
by several yield components that develop sequentially during
wheat growth (Evans et al., 1980). These include 1) the
number of ears per unit area (tillers), 2) the number of
spikelets per ear, and 3) the number of florets per spikelet
which concludes at anthesis. The last stage is 4) kernel
development or grain filling which has several stages of
growth: 4a) watery, 4b)milky or early dough, 4c) soft dough,
4d) hard dough, and 4e) hard (Lersten, 1987) (Figure 1.10).
Exact dates for these events, except for anthesis, are
difficult to establish visually and their time of occurrence
varies from year to year depending on cultural and
environmental conditions.

Total grain weight (TGW) is determined by the sequential
development of the 4 yield components. If one component does
not develop to its full potential due to environmental
conditions, the other components generally compensate so that
final yield is not reduced. The 1000-grain weight (1000-GW)
which is dependent upon environmental conditions after
anthesis, is generally highly correlated to total grain weight

because it is one of its components.

2.3.5. Cultural Practices

Wheat yield depends on planting density, cultivar, and
fertilization. To ensure standardization a tractor and a
mechanical planter were used and only one cultivar was sown.

Fertilizer was broadcast by hand and soil analyses indicated



91
possible N, P, organic matter and pH differences. Cultural
practices included composting, plowing, fertilizer treatments,
irrigation procedures, seed selection and treatment, planting
methods, tree litter use, weeding, and interplanting of the

sequential crop.

2.3.5.1. Compost. Compost was made in the village and
applied to the fields each fall. The compost was made in
large pits some of which were 5 m x 10 m and 2 m deep. The
farmers used mainly corn and wheat stalks, human and animal
manure, soil (about 10% of the compost), and leaves (whatever
was available). The leaf of choice was Paulownia because the
tree was fast growing and produced many leaves quickly. They
were also large and easy to collect. However, poplar (Populus
spp), elm (Ulmus spp), black locust (Robinia pseudoacacia) and
other tree leaves were also used. The compost was left in the
pit or pile for about two months before it was applied to the
soil. Before plowing, the compost was hauled to the field and
deposited in piles about 5 m apart. Later it was spread and

incorporated either by tractor, animal, or human drawn plow.

2.3.5.2. Plowing. This was the first year that Shu
Zhuang Cun was able to afford the use of a tractor for their
plowing. A small 12 horsepower (hp) tractor and plow were
used to plow the corn, bean stubble, and roots while mixing in
the previously spread compost. By September 26, 1991 (Julian
date -- 91269) the fields for blocks 1-5 (Figure 2.2 with

trees and the "cut tree" area) had been plowed and harrowed.



92
The controls, however, were not part of the Shu Zhuang
fields and they used the traditional methods of plowing -- a
small horse or mule pulling the plow. The field was harrowed
by an animal pulling a weighted board (the weight often a
child) or pole of some kind. The 2 control areas were plowed

after October 4, 1991 (91277).

2.3.5.3. Pertiligser. Chemical fertilizer was added to
the fields to ensure that there was limited stress on the
wheat due to nutrient deficiencies. Farmers added the
fertilizer and then plowed it under. Enough fertilizer was
distributed to apply 450 kg ha'! of NPK (15/15/14) and 150 kg
ha! of urea ((NH,), CO) with 46% N. Farmers broadcast the

fertilizer on their 1/15th or 2/15ths ha plots.

2.3.5.4. Irrigation. The Fall of 1991 was one of the
driest years in Henan Province in over 60 years?. In a
normal year July and August is the flood season. However, in
1991 the rainfall in the Yellow River Valley was 30% to 50% of
average?®. Due to drought many of the farmers in Henan
Province waited for rain before they planted. 1In Shu Zhuang
the farmers waited a week past their normal planting dates
(October 5th -- 91278 to October 10th -- 91283) in hopes that
it would rain. However, beginning on October 16th (91289) the

fields were irrigated.

Zpersonal conversation with staff at Henan Agricultural
University.

®China Daily, September 26, 1991.
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For about 48 h the tree area, "cut tree" area and

controls were soaked, section by section. In order to control

the flow of water into a section, embankments were prepared

using shovels and hoes to mound the soil and keep the water in

a certain area of the field. These embankments were not as

extensive as they would be later after planting when each

f£armer would cordon off his/her respective plots.

The intent was to minimize water stress on the wheat.

Several times during the growing season it was necessary to

A rrigate. With spring regrowth soil moisture was monitored.

So0il cores were taken on March 11th (92071) and then each week

£ xrom March 25th (92085) until the harvest began on June 2nd

( ©2154)%,
The Fall and Winter were extremely dry necessitating a

S econd irrigation in mid-February. This lasted 4 days (92045-

9 2 048) and covered the area with the trees and "cut tree"s.

The 2 controls were not irrigated until February 27th (92058)

fox control 1 and February 28th (92059) for Control 2.

AnNnother dry spell towards the end of April called for another
ix X~ ijdgation which began on April 24th, included the controls

ArA jasted 5 days (92115-92119).
Before harvest a final irrigation took place. On May
26tnh (92147) the controls were irrigated as they were very

AXy> . Then in the evening there was a hail storm followed by

\
VA xeading of 6% according to local expertise was considered
I‘y dry for these soils and action needed to be taken. The
be X mers knew when it was necessary to irrigate so the problem
r ©cCame one of economics. Negotiations between farmers and
©Searchers on who would pay how much sometimes caused slight

Qelays in irrigation.
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some light rain which helped the whole area. The 4 blocks

with trees were not irrigated at this time as the rain added

sufficient moisture until the harvest one week later.

2.3.5.5. 8eed cultivar and treatment. In order to ensure
that the wheat cultivar was the same for the entire
experimental site, the farmers were all asked to plant the
s ame seed source. The seed used was called You Zhi Bai Nong
2217 ( 1‘7& )ﬁ a Df{ ) which loosely translated means
** @xcellent quality white agricultural 3217". Its
c<haracteristics were described in the background section under
wheat characteristics (Chapter 1). It is a soft, dwarf
Sprecies (75-80 cm tall) that is drought resistant, cold
Tt o lerant and has a long planting window. VYields are stable
b e tween 4500-6000 kg ha'.
The seed was treated with an insecticide before planting.
TIhae insecticide was called Shui Ran Liu Lin Rui You® (ﬂ(ﬂ&“
‘ﬁ%:-t‘ ,{ﬁ%w) which means "water ammonium 6 P suspension". One
& p full of 5 ml was added to 10 kg of seeds in a large wok-
s3':1aped pan and thoroughly stirred with a shovel before
P 2 anting.

2.3.5.6. Planting. Planting began on October 22, 1991
(s 1295). The 12 hp tractor pulled a 6-row planter with 20 cm

thween rows. Seed was automatically dispersed at a constant

—

3

‘Qhemical name: l1-methylethyl 2((methoxy phosphino amino

hionyl) oxy) benzoate (estimated by Michigan State University
€@sgticide Research Center).
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interval of 150 kg ha' . However, on tree #13, Block 2
(Figure 2.2) instead of a tractor pulling the planter, a mule
was used. The planter only had 3 rows and not 6, however, it
was the same type of mechanical planter. Also in block 4 for
prart of the area near tree 43 and tree 44 a 3-row planter was
pPprulled by 6 people using ropes and a harness. Farmer’s plots
were about 70 m long and rectangular shaped areas that ran
Perpendicular to the tree line or east-west. Depending on the

s i ze of the family, these plots were 5 m to 15 m wide.
The 2 controls were also planted on October 22, 1991
( © 1295), however, they used animal and human power. In
Control 1 closest to Shu Zhuang (Figure 2.1), an old wooden 3-
o©OWwW planter was pulled by 2 farmers and they double planted
(went back and forth on the same rows). The old wooden
P 1L anters dispersed about half the rate of the new steel
P L anters that Shu Zhuang used. Thus, the 2 passes should have
€©<cxwaled one pass with the new planter. For Control 2 the
T & xrmer also used an old 3-row planter, however, he used a
hoxse to pull the planter. Again this farmer made a double
P& =s. These controls were planted east-west with farmer’s

P L ots about 200 m long.

In both the controls and the tree area, after planting,
the farmers delineated their plots by mounding the soil on the
l:":>lzmdaries using hoes and shovels. This was done very
s3?&1:e1natically with all parties present and sometimes using

S rxing to mark the borders.

——

3
220 jin mu' or 10 kg mu’.
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2.3.5.7. Litterfall. The initial plan was to collect

tree litter. However, the leaves fell gradually and winds

scattered them widely. As early as September, there were a

£ ew leaves scattered about. They were not collected and were

pP»lowed into the soil. On November 12th (91316) the first

F rost occurred and many leaves began to fall soon afterwards.

The farmers collected a great deal of the leaves, and the

Tremaining leaves were easily blown about as the wheat was

st ill very short (sprouting occurred on October 29th-91302)

arnd provided no barriers to the leaves.

2.3.5.8. Weeds. Weeding was the responsibility of each

& xmer and generally, although not exclusively, the women

Caaxried out this work. Some farmers were more conscientious

TIhyan others in their weeding. In a few cases the weeding was
Ve x-y poor, however, sometimes this was due to an illness or

€& &n hospitalization. 1In the artificially shaded plots where

the quadrats had been enclosed by a frame and encircled by a
& = training wire, the researchers weeded.
A weed that appeared with the wheat (Xiao mai) crop was

bax ley (Da mai). This could have occurred because of an

WMicertified seed source (which has been a problem in China).
The barley usually matured earlier than the wheat and if
T & xpers saw it and broke it off before it matured this would
PXevent the barley from being harvested. The problem was most

MO+t jceable in the "cut tree" area and yield plots were

Se@)ected so that the barley was not included.
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2.3.5.9. Interplanting the sequential crop. On May 20,

1992 (92141) about 2 weeks before the wheat harvest began, the

farmers began to interplant the new maize (corn) crop.

Farmers walked along a row of wheat with a long tube or a

shovel and a pouch of corn seeds. Two seeds were dropped down

€the tube about every 10 cm and then covered by soil pushed

©over the seeds by the farmer’s foot. Where a shovel was used,

a cut was made in the soil and the seeds dropped in the

gxroove. Then the farmer used his foot to cover the seeds with

soil.
Corn was planted between every third row of wheat (about

S O cm between corn rows). This caused some disturbance to the

wheat, however, it was assumed that all areas were affected

The corn took about 1 week to sprout and it had

€©cgually.
The soya beans

©merged by the time the wheat was harvested.

We re not planted until after the wheat had been harvested and

<& xried away.

=2 . 3.6. Experiment Preparation
Although planting was initiated in the Fall of 1991, some

We>yk was accomplished before this date. In particular 1)

tt’ees were pruned to eliminate some of the witches broom

(ry Yycoplasma 1like organism-MLO), 2) selected trees were

removed, and 3) root barriers were inserted. Later in the

Season 4) stumps were placed in the controls, and 5)

A xtificial shade was constructed.
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2.3.6.1. Branch pruning. The trees under investigation
were Yu Xuan Yi Hao (open pollinated P. fortunei). This tree
was somewhat susceptible to witches broom disease (Mycoplasma
like organisms, MLO). Witches broom was pruned to achieve the
d eaf canopy density and typical morphology of Yu Xuan Yi Hao.
When pruned of witches broom, Yu Xuan Yi Hao would resemble
the degree of shading of the Yu Za Yi Hao hybrid (P. fortunei

3> P. tomentosa) the current choice of the farmers.

2.3.6.2. 8Selected tree removal. On September 24, 1991
( ©1267) a section of trees was removed towards the center of
the tree line (Figure 2.2 -- trees 24 to 28 labeled "c").
T I ere were several factors considered to decide which trees to
cuat. First, the number of trees cut was to be kept to a
M i mimum. This helped maintain the continuity of the tree row
A rxrad thus, offered minimal change in the microclimate due to
W i nd, relative humidity, and temperature differences for the
2 ocks being investigated with the trees present.
Secondly, adjacent trees were selected allowing fewer
T x—es to be cut. Where the 4 blocks from Experiment 1 all had
W ard trees to insure shading of yield plots, the "cut tree"
X cup also had missing tree positions as their guard (to the
NS xth and the south) to insure that shade was not a factor
W i «h the yield plots. The trees removed were approximately
the same height and crown size suggesting that they had
aIlproximat:ely the same above ground and below ground influence
©ONn the soil from previous years due to litterfall and root

il\teract: ion.
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Trees were felled using axes and hatchets. First a hole
about a half meter deep and extending out about a meter in all
directions was dug around the trunk to expose the roots. Then
an axe was used to sever the roots. Although no taproot was
mnoted each tree had 3 to 5 main roots that anchored the tree
and went down like a claw as opposed to out. As the roots
were severed a shovel was used to push the tree over in the

Aesired direction®.

2.3.6.3. Root barriers. Plastic was used as a barrier to
S eparate the Paulownia roots from the wheat roots to eliminate
competition for nutrients and water. Barriers were put in
P 1 ace on September 29, 1991 (91272) after plowing. Trees were
=S & lected in each block using a random number table for the
=2 . SE and 2.5W treatments. Trenches about 50 cm wide and 1 m
A e ep vwere dug at a distance of 1 m from the tree on the east
= 3 _de or west side depending on the 2.5 m yield plot location.
S e weral trees had large roots severed so that the plastic
S <<uld be inserted. The 2 m long barrier was inserted parallel
T << the tree line. About a half meter on each end was angled
T o wiards the yield plot. When the trench was being dug care

W& s taken to heap the so0il on the tree side of the trench so

\

33
I € took about 1 hour for one person to fell one tree (average
dbh at 10 years about 32 cm). After felling the branches were
P X-uned and taken with their leaves back to the village. The
S aves were used for making compost or for fodder and the
bt‘anches could be burned as fuelwood. For a tree bole that
As 3 to 4 m long the farmer could arrange for a buyer to come
W3ith a truck to take it away. A ten-year-old tree would be
Waorth about 60 Yuan or $10 to $12 (1990 prices) and it might
€ used for export, furniture making or house building
Material.
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that the yield plot did not have soil mixed from lower depths.
A clear plastic, 0.12 mm (+/- 0.02) thick, was inserted in the
trench and the soil filled in so that the plastic did not slip
to the bottom of the trench.

The plots at 5 m were tested to see if there were tree
roots that might affect the wheat in these plots. 2Zhu et al.
(1986) stated that 98% of Paulownia absorbing roots between
the soil surface and a 1 m depth (for 9- to 12-year-old trees
with a 9 to 10 m crown diameter) were within a 4 m radius of
the tree. Several small holes were dug at about 4 m to see if
there were any tree roots. A few samples turned up some
possible tree roots so barriers were also inserted for the

plots at 5 m. These barriers only went down to 50 cm.

2.3.6.4. S8tump placement in controls. The control yield
plots were established on an east-west transect as done with
the trees. To mark a center point to represent the tree, a
tree stump was placed at a given point and the transect was
drawn from that point. The stump was situated so that the
length of the transect was within an area in which corn and
beans had been planted the previous summer.

The stumps in both Control 1 and 2 were initially put in
place on March 11, 1992 (92071). At this time the wheat had
grown high enough that the stumps would "hide" in the wheat to
help prevent inadvertent relocation. Stumps were 18-20 cm
tall and 15-20 cm in diameter. The stump in Control 2 was
missing on March 25th (92085) and after replacement was

removed a second time. The hole that remained, marked the
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place and the distance from the road to the stump position was

noted.

2.3.6.5. Artificial shade construction. Shading was
constructed over 3 yield plots to simulate the shade of a
Paulownia tree. The plots were located in the "cut tree" area
so there would be no shading from existing trees. The plots
were selected at least 15 m from the tree line to ensure that
the soil was not under the influence of the tree over the
previous years. These plots were compared to plots in the
"cut tree" area at 20W for temperature differences,
phenological differences, and wheat yield. The shading was
constructed so that the shade was in place as the Paulownia
leaves emerged and grew. Prior to bud burst and leaf
expansion, the wheat received a little shading from the crown
branches and trunk.

The first artificial shade plot was located approximately
20W from the original position of tree 28 (Figure 2.2). The
frame was constructed of Paulownia saplings in the shape of a
rectangle with a sloping roof towards the south. It was about
3 m high at the north end to accommodate an equipment stand
and box. The southern side was a bit less than 2 m high. The
length and width (4 m x 2 m) were determined so that a plot of
at least 2 m x 2 m was shaded for the same length of time as
the 2.5E plots along the tree line. A 3.5 m x 1 m piece of
shading material was fastened to the top of the frame.

The 2.5E plot was used as the standard because it had the

longest diurnal duration of shading during the time of most
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intensive PAR availability (solar noon). The initial shade
cloth selected was a screening used for windows to keep flies
and mosquitos out of the homes. This provided about 26%
shade.

On April 16th (92107) 3 days after the Paulownia leaves
emerged, the second artificial shade plot was located on the
transect at tree #28, 20E (Figure 2.2). This frame was also
of Paulownia poles or limbs, however, it was only about 2 m
high and 3 m x 3 m with a shade material of 180 cm x 215 cm.
Again slats were used as the shading until the shade cloth
could be used.

The third shade frame was erected on April 22nd (92113)
at approximately 18E and on the transect where tree 27 was
initially found. It was approximately the same size and
height as the frame for the second artificial shade plot.
With this frame a 2 m x 2 m size shade material was employed.
Initially, only slats were necessary.

On April 27th (92118), 11 days after bud break, the slats
were taken off and the screening tied to the frames. This was
sufficient until May 15th (92136) when a shade cloth was added
to the existing shade screen. A final shade test was
conducted on May 28th (92149) just before harvest and the
results showed that the artificial shade (about 75%) was a

little more than the actual tree shade (about 64%).

2.3.7. Equipment, Observations and Measurements
After the winter wheat seed was sown, meteorological

equipment stands, thermometers, PAR sensors with a data
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logger, and automatic, 24-h recording temperature and relative
humidity recorders were placed in the field. In addition
basic equipment such as hoes, shovels, hand scythes, and
backpack sprayers were used during the research period.

Measurements and observations were taken from planting
until after harvest in June 1992 including: 1) PAR data, 2)
soil moisture, 3) air and soil temperature, 4) wind and
precipitation data from Chang Ge County, 5) tree growth, 6)
soil samples, 7) wheat phenology, 8) slides of wheat and
Paulownia growth, 9) Paulownia floral development, 10) yield
plot observations, 11) pests and diseases and 12) yield

harvest for number of ears, grain yield and 1000-grain weight.

2.3.7.1. Meteorological stands. Meteorological stands
were placed between trees 13 and 15 (Figure 2.2) to house the
equipment for recording air temperature and relative humidity.
The stands were 4-legged metal frames with a wooden slatted
box on top. Inside the box were placed thermometers and/or
automatic recording devices. The stand legs were buried so
that the instruments within the box were at 1.5 m above the
ground to comply with international standards for temperature
and relative humidity measurements. These measurements could
be compared with the meteorological station in Chang Ge
County.

On October 27, 1991 (91300) two stands each were placed
in the fields at positions 2.5E and 20W of the east-west
transect (4 stands total). These were located at the northern

edge of Block 2 (Figure 2.2) to the north and south of tree 14
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and about 3 to 4 m apart. Thermometers were placed in the
northern most meteorological boxes and data recorded manually
while the southern most boxes held automatic recording
temperature and relative humidity instruments.

The 2.5E and 20W positions were used because this would
give the 1largest contrast in temperature and relative
humidity. The 2.5E plot would receive the most shade during
the warmest time of the day and the 20W plot would receive the
most direct sunshine during the warmest times. Duplication of
equipment provided a cross check for accuracy and allowed
interpolation for times that manual readings were not
available.

on November 19, 1991 (91323), 6 more equipment stands
were employed and 4 were placed at 10E, SE, the tree line, and
5W. This ensured instrumentation at the tree crown border (5E
and SW), under the trees (tree line), and away from the trees
(10E and 20W) (Figure 2.2). Equipment stands were also placed
in the "cut tree" area (Figure 2.2) and in the northern most
control (Control 1) (Figure 2.1). These 6 additional stands

contained manually read thermometers.

2.3.7.2. Growth intervals. A total of 6 growth intervals
were established for this experiment (Table 2.4) in order to
correlate PAR with wheat component development. Where
possible the intervals coincided with tree or wheat

phenological events (Figure 1.10).
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Development Intervals.

Interval Definition ﬂ

Interval-Dates | Julian Date

1. Oct30-Marl0 | 91303-92070 | Wheat planting-Marl10, 1992 I
2. Marll-Aprl2 | 92071-92103 | Start PAR recordings-April2 I
3. Aprl3-Apr29 | 92104-92121 | Tree leaves emerge-Apr29

4. Apr30-Mayl5 | 92122-92136 | 50% of wheat flowered-Mayl5

5. Mayl6-May30 | 92137-92151 | Mayl6-maturity

May31-JunoO4

92152-92156

May3l-harvest

2.3.7.3. PAR. Two LI-COR ES 220 quantum sensors were

used to measure PAR just above the wheat plant. Sensors
recorded PAR in millivolts and were stored as umoles m? s’
between March 11, 1992 (92071) and June 4, 1992 (92156). The
sensors were connected by a cable to a 2 channel data logger
which used a data storage module

(DSM) and continuously

recorded the PAR readings at specified time intervals.

Three data recording/positioning schemes were
established. In Scheme I sensors were positioned at 2.5E
(under the tree) and 10W (outside of the crown) and left

unattended. Each sensor took two instantaneous readings at 5
minute intervals and an average of the two readings was
recorded and stored in the DSM every 10 minutes.

In Scheme II once a week the sensors were set at reading
and recording intervals of 1 minute. During the course of the
day the sensors were repositioned so that one was in the sun
as a control and the other was at one of the 9 positions (from
20W to 20E) shaded by the tree. Scheme III also used the 1
minute time interval, however, the sensors were placed at SE

and 5W approximately once a week for an entire day.
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There were 2 data storage modules that were downloaded
regularly. Using a Zenith PC (Zenith SupersPort 286 Portable
Computer) data was downloaded from the DSM onto a diskette
using Bitcom software program and stored. Then the DSM was
inserted into an Eprom erasing ultraviolet lamp (Spectroline
PE-140T/F), erased, and reinserted into the data pod for
further data collection.

Sensors were placed in the field from sunrise to sunset
each day from March 11th (92071) to harvest on June 4th
(92156) . There were some gaps in daily measurements due to
equipment problems; replacement, download and erasure of the
data storage modules; travel between download site and field

site; and daily set up and disassembly.

2.3.7.4. 80il moisture. Periodic soil cores were taken
to determine soil moisture. Cores were taken on November 28,
1991 (91332), March 11, 1992 (92071) and then weekly from
March 25th (92085) until harvest. A soil auger was used to
extract the soil in the top 20 cm. Each sample was placed in
a metal tin. The 8 yield plot positions (20E, 10E, SE, 2.SE,
2.5W, 5W, 10W, and 20W) and the tree line were sampled.
Except for the first sampling in the spring (which had only
one sampling in the south end, in Blocks 1 and 2, and one in
the north end, in Blocks 3 and 4) samples were taken from each
tree area block (1-4). In addition the 2 controls; the "cut
tree" area at 2.5E, 2.5W, 20W and sometimes 20E from the
original tree line; and the artificially shaded areas, once

established, were sampled.
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The metal tins with soil were weighed on a 500-g capacity
scale in the nearby village. Later soils were oven dried at
100°-110° ¢ for about 68 h in the laboratory at Henan
Agricultural University and weighed again to determine the
percent soil moisture. After the first 2 sampling dates, the
soil samples were weighed at the site before taking them to

the laboratory to dry and reweigh.

2.3.7.5. Air temperature. Several different types of
thermometers were utilized. A dry bulb thermometer measured
air temperature and a wet bulb thermometer helped determine
relative humidity. A barometer was located in the village to
obtain atmospheric pressure readings to derive relative
humidity. Two other thermometers were present. One
registered the daily high temperature and the other the daily
low temperature. These two thermometers were placed only in
the boxes at 20W and 2.S5E.

Farmers were hired to read the thermometers each day from
October 28, 1991 (91301) through to June 4, 1992 (92156) at
08:00, 14:00, and 20:00 hours and temperatures were recorded
in a log book for the 20W and 2.5E positions. This included
the wet bulb, dry bulb, daily high, and daily low temperatures

as well as atmospheric pressure.

2.3.7.6. Wind and precipitation. Meteorological data
were collected at the county weather bureau located in Chang
Ge County 12 km south of the research site. Average daily

wind direction and wind speed were recorded at 10.5 m above
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the ground for 16 directions. These were grouped and averaged
into 8 directions such that each cardinal direction (N, E, S,
W) used the average of 3 directions (ex. North averaged NNW,
N, and NNE). The directions NE, SE, SW and NW comprised the

other 4 directions. Daily precipitation was also obtained.

2.3.7.7. Tree measurements. At the start of the
experiment the trees were measured to obtain baseline
measurements. On September 9, 1991 (91252) the middle row of
trees (Figure 2.2) was measured for height, diameter at 1.5 m,
and crown width (in an east-west direction). All 45 trees
were measured (the entire length of the tree line) including
the 5 trees that were later cut in the "cut tree" area.

To measure the total height a clinometer (Zhi Gao Qi SC-
II ,ﬂ.] Z %S[ II which means "measure-tall-instrument") was
used. The measurement was recorded in meters and tenths of a
meter. A diameter tape was used to measure diameter at 1.5 m
above the ground. The crown width was measured from the trunk
to the west and to the east. The north and south directions
had a closed canopy.

On November 26, 1992 (91330) when most of the leaves were
absent, the bole of the tree, from the ground to the crown
branches, was measured and recorded. Total height on the
remaining 40 trees was remeasured.

Tree measurements were taken again on June 10, 1992
(92162) on trees within blocks 1-4 and guard trees on the
south side. This included trees 5 through 13, trees 34

through 37, and trees 39 through 44 (Figure 2.2). Total
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height (less ground height), bole height, diameter at 1.5 m,

and crown diameter in the east-west direction were measured.

2.3.7.8. 80il samples. As noted in Wei (1979) the soils
in this general area are 0-25 cm-silt loam; 25-50 cm-silty
clay loam. Local expertise estimated the C horizon at about
20 m. Soil samples were taken before wheat planting, before
regrowth in the Spring, and after the wheat harvest. Four
different analyses were made from each sample -- pH, soil
organic matter, available N, and available P. The Fall
sampling was necessary to establish soil baseline data at the
research site. This occurred on September 19th (91262) and
20th (91263), before fertilizer and compost application, but
after the summer crop was harvested.

Soil augers were used to deposit soil into mixing basins
and the soil was placed into labeled paper bags for transport.
Samples were taken at two depths -- the surface soil to 20 cm
corresponding to the plow layer and 21 to 40 cm corresponding
to the layer below the plow layer where 80% of the wheat roots
were distributed (Zhu, 1990).

Each soil sample was a composite of 5 soil cores, mixed
thoroughly, and then placed in a paper bag. This included 8
distances (20W-20E) and the tree line in the blocks with
trees; 2.5E, 2.5W, 20E, and 20W in the "cut tree" area; and
once established, two cores from the artificial shade area.
A composite of 10 cores was taken for each control. Samples
were analyzed in the Henan Agricultural University soil

laboratory.
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2.3.7.9. Haun scale. The Haun scale was developed (Haun,
1973) to provide a continuous number scale for monitoring
winter wheat according to its phenological and morphological
development (Figure 1.10). On March 25th (92085) the first
Haun scale observation was made and records were kept weekly
through April 27th (92118) when flowering began. The Haun
scale was used to determine if the wheat in one block was
developing faster than another or if the wheat at one
treatment distance was developing faster than another within
the same block.

For each recording a yield plot was selected (i.e. 2.5E)
and 3 to 7 of the taller wheat stalks were observed. Leaves
per plant were counted and the stage of development for the
last leaf (on a .0 to .9 scale) noted. A range was recorded
(5.9-6.3)* and then averaged (5.5). Enlargement (inboot) was
coded as 18, emergence as 28, and elongation as 38 (Figure
1.10) also having a range of .0 to .9 depending on the stage
of development. Anthesis was coded as 100. This evaluation
was subjective, but did describe trends in phenological

development.

2.3.7.10. Tree and wheat photographs. Throughout the
Spring of 1991 and the 1991-1992 wheat season, photographs and
slides were taken of the wheat and tree at progressive

development stages. The purpose was to document the

¥5.9 meant the last leaf was #5 and it was 9/10 fully
developed. 6.3 meant leaf 6 was 3/10 developed. The flag
leaf was designated as #8 and readings were relative to that.
Wheat leaf pictures aided in assigning the values.
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phenological development of the wheat in relation to the

tree’s leaf emergence and subsequent growth.

2.3.7.11. Paulownia floral development. In April 1991
(the season before the present research) the Paulownia trees
at Shu Zhuang had many flowers. The flowers started blooming
about April 25th (91115) and were at their peak by May 3, 1991
(91123) . The flowers preceded the leaves, however, before the
flowers were completely gone the leaves had begun to emerge.
As of May 9, 1991 (91129) the flowers were mostly absent and
the leaves were growing rapidly.

In February 1992 the trees had very few floral
inflorescences (Figure 1.7). Thus, few flowers were expected
in the Spring of 1992. On April 16, 1992 (92107) a few of the
Paulownia trees in Shu Zhuang village had blossomed and one of
the farmers stated that they had begun about April 12th
(92103). The trees at the research site did not flower in the

Spring of 1992.

2.3.7.12. Yield plot observations. After planting and
during the growing season the plot locations were monitored to
determine if there were any abnormal growth patterns or
problems. From time to time events occurred that could have
affected the yield. If there was any experimenter caused
damage or if there was a disease infested area, these
locations were not used for yield sampling, rather an area as

close as possible that was not damaged was selected.
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2.3.7.13. Pests and diseases. Two problems, aphids and
a fungus, were noted while observing the crop. On about April
10th (92101) some farmers began spraying their crop to combat
a wheat aphid. Farmers surveyed their own crop and decided if
they needed to spray. For the aphid problem the tell-tale
sign was a wilting flagleaf. The application of dimethoate®
(Yang Hua Luo Guo i, 4’0 %_% ) which means "oxidized Luo
Guo" at 1000:1 or pirimicarb (Pirimor)* (Kang Ya Wei )
or "against aphid powerful" at 10 g in water for 1/15 ha¥ or
fenvalerate® or malathion®® (Mie Sha Bi )T{ % % ) meaning
"destroy kill dead" at 3000:1 was recommended for combatting
this problem. This was usually applied twice.

The other problem that occurred on the research site was
a white powdery mildew (Erysiphe graminis DC) called Bai Fen
Bing ( éa dﬁfjﬁé ) or "white powder sickness". This fungus

was treated with a spray of triadimefon (Bayleton)® (Fen Xiu

3%0,0-dimethyl-S- (N-methylcarbamoylmethyl) phos-phorodithioate.

32-dimethylamino-5, 6-dimethylpyrimidin-4-yl
dimethylcarbamate.
7 mu.
¥(RS) - -Cyano-3-phenoxybenzyl RS-2-(4-chloro-phenyl)-3-

methylbutyrate or cyano (3-phenoxyphenyl)methyl 4-chloro-(1-
methylethyl) benzeneacetate or cyano-3-phenoxybenzyl 2-(4-
chlorophyenyl)-3-methylbutyrate.

%0,0-dimethyl phosphorodithoate of diethyl mercaptosuccinate
or diethyl mercaptosuccinate, S-ester with 0,0-dimethyl
phosphorodithioate.

4] - (4-chlorophenoxy) -3, 3-dimethyl-1-(1H-1,2,4-triazol-1-yl)-2-
butanone.
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Ning*ﬁ‘ % "f) which means "powder rust peaceful" used at 800-
1000:1.

A backpack sprayer was used to apply both of the sprays.
The insecticide was mixed with water at the road near the
farmer’s plot, poured into the sprayer, and then carried on
the back. The spray was applied as the farmer walked down the
rows of wheat. The farmers would be responsible for their own
plots, but the sprayer was shared by many. From mid-April up
to the harvest in early June, farmers would periodically be

seen in their fields spraying.

2.3.7.14. Harvest. The harvest began on the afternoon of
June 2, 1992 (92154) and each research area was harvested just
before the farmers harvested the remainder of the plot.
Control 2 and part of Control 1 were harvested on the first
day because they were drier than the other blocks and matured
a couple days earlier. In the morning of June 3rd (92155) the
remaining parts of Control 1 were harvested as well as the
"cut tree" area, the artificially shaded area, and Block 4
nearest the village (Figure 2.2). In the afternoon Block 3
and most of Block 1 were harvested. Finally, in the morning
of June 4th (92156) the remainder of Block 1 and Block 2 were
harvested.

Through consultation among the research group, it was
decided that each quadrat would be 1 m long and 3 rows wide.
On each side of the quadrat there would be buffer rows so that
there were no large gaps between rows. The quadrat yield area

then was 0.6-m’. However, since this was such a dry year it
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was also decided that 3 yield samples (quadrats) should be
taken at each yield position (yield plot). As long as the
crown shade was continﬁous the actual quadrat position could
be selected to the north or south of the east-west transect if
abnormal growing conditions required. However, for some
quadrats (2.5E, 2.5W, SE and 5W) root barriers had been placed
in the soil. 1In these locations any movement was restricted
to an area still protected by the barrier.

To mark the quadrat area for harvest, a 2 m iron bar
about 3 cm wide and half a centimeter thick was used as a
frame and bent in the shape of a "U" so that the base was 1 m
and the uprights were each about a half meter. This bar was
then slipped down between the wheat guard row and the first
row by bending the guard row down. The legs of the "U" shaped
frame were then slid into the wheat perpendicular to the row
at ground level and pushed through the second and third row so
that the 1 m section of the bar was at the base of the first
wheat row and the legs extended through the second and third
rows.

Once the quadrat was established, a hand scythe was used
to gather and cut the wheat. The wheat was placed in sacks
and labeled as to block, plot, and sample number (1, 2, or 3).
Measurements were made for the number of ears per quadrat,
grain weight m?, and 1000-grain weight. Biomass was not

calculated.

2.3.7.14.1. Bars. As the wheat was harvested and placed

in sacks it was stored in a farmer’s home. Then as time
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permitted the wheat was taken out of the bag and the spikes

with ears were counted.

2.3.7.14.2. Grain yield. The bags of wheat were oven-
dried at about 80° C for 5 to 10 h and afterwards pounded with
a club to break the grains free. Next, a bag was opened and
the contents were poured into a dust pan that had a flat
bottom, raised sides and back, and a flat front.

The grains were mostly free of the chaff but mixed
together. To separate the two, several fans were placed on
the floor in a line and a basin was put in front of the second
fan. The dust pan with the wheat and chaff was held over the
second fan and its contents were fed out of the front and into
the windstream. The chaff blew ahead and the wheat grains
fell into the basin. If there was an excessive amount of
chaff in the basin after the first cleaning, there was a
second cleaning. To weigh the grains a 500-g scale was used.
This gave the results of a 0.6-m’> yield quadrat which was

converted into 1-m?’ yield.

2.3.7.14.3. 1000-grain weight. Afterward the grains were
spread on a table top and divided into 4 sections. One
section was taken to count two 500-grain piles which were
weighed separately. The 1000-grain weight was the sum of the

two weights.
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2.4. RESULTS

An analysis of variance (ANOVA) was employed for the
principal and supporting experiments and if the findings were
significant at p < .05 further analyses were conducted as
appropriate. The analysis of variance assumed a fixed effects
model with random error components. For the split plot, two
error components were identified and when testing with one as
random the other was assumed fixed. All models assumed that
the error terms were independently and normally distributed
with a mean of zero and a common variance. In addition it was
assumed that the mean was additive. These assumptions were
tested in each experiment and the results by test are located
in Table A.1, Appendix A. All tests rejected the null
hypothesis if p > .05. For each experiment the assumptions

were not violated.

2.4.1. Distance and Direction Experiment

There were three missing points and these were calculated
with loss of three degrees of freedom (Snedecor and Cochran,
1967). As shown in the ANOVA table (Table 2.5)%, there was
no interaction between the direction and distance for total
grain weight (p=.4952) or 1000-grain weight (p=.5840). No
difference was found in direction either for total grain
weight (p=.3206) or 1000-grain weight (p=.7153). However,
there was a highly significant increase in yield with distance

from the tree line for total grain weight (p=.0047).

‘iA11 tables, figures and discussion have data adjusted from
yield per 0.6-m’ (a quadrat) to yield m2.
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Table 2.5. ANOVA--Distance and Direction Experiment--TGW, 1000-GW.

Total Gr
Source df SS MS P Signif
Block 3 5,815
Direction 1 1,081 1,081 1.41 .3206 NS
error a 3 2,301 767 | |
Distance 3 | 32,292 10,764 6.58 .0047 * * i
Linear’ 1 | 30,064 18.34 .0006 * xR
Quadratic 1 2,119 1.29 .2728 NS
Cubic 1 108 .06 .7944 NS
Dist x Dir 3 4,097 1,366 .83 .4952 NS
error b 15 24,523 1,635 "
Total 28 | 70,109 |l
b

Source
Block 3 45.22
Direction 1 .48 |
error a 3 8.86 2.96 I
Distance 3 37.19 12.40 1.28 .3180 NS
Dist x Dir 3 19.48 6.49 .67 .5840 NS
error b 15 | 145.56 9.70
Total | 28 256.79 —

"orthogonal Coefficients:

treatment (o] c, G,

1 -11 20 - 8
2 -1 -4 14
3 1 =29 -7
4 17 13 1



118
Figure 2.5 illustrates the mean total grain weight by
distance from the tree line (treatment means tabulated in

Table B.1, Appendix B). The fitted equation using the 4
treatment means was:

Y = 391.7 + 4.57 X with r? = .9310
indicating an increase of 4.57 g m? (45.7 kg ha'! ) for each
meter as the distance from the trees increased over a distance
of 2.5 m to 20 m. Using orthogonal coefficients a linear
relationship (p=.0006) accounted for 93% of the variance
(p=.0006). The 1000-grain weight distance treatments (means
tabulated in Table B.1, Appendix B) were not significant
(p=.3180) (Table 2.5).

A correlation between total grain weight and 1000-grain
weight was determined with the Pearson correlation coefficient

p =.8148.

26,1 jin mu’.
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2.4.2. Temperature/Sshade Bxperiment: S8haded vs Unshaded Plots
There was a significant difference in shaded versus
unshaded groupings of treatments for total grain weight

(p=.0440) and 1000-grain weight (p=.0135) (Table 2.6).

Table 2.6. ANOVA--Temperature/Shade Experiment--TGW, 1000-GW.

__Total Grain Weight (TGW

Source df Ss MS F P Signif \
Treatment 2 11639 5820 3.256 .1103 NS |
Shade vs No Shade 1 11552 11552 6.461 . 0440 * f
Residual 1 87 87 .049 .8321 NS |

I Error 6 10725 1788 H
l’rotal 8 22365

Source df SS MS F P Signif ’
Treatment 2 41.75 | 20.88 8.432 .0181 * !
Shade vs No Shade 1 29.64 | 29.64 11.971 .0135 * ’
Residual 1 12.11 | 12.11 4.891 .0690 NS
Error 6 14.85 2.476 "
Total _8== 56.60 II

Scheffe’s test was run to compare the treatment means
(tabulated in Table B.2, Appendix B) for the 1000-grain weight
(Table 2.7) as the individual treatments were significantly
different (p=.0181). The unshaded ("cut tree") and the
artificially shaded plots showed a significant difference at
a = .05 while the tree shaded plots compared to the unshaded

plots did not. Thus, there was no 1000-grain weight
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difference between tree shaded (at 2.5 m) and unshaded (the

"cut tree" area) plots.

Table 2.7. Scheffe Test--Temperature/Shade Experiment--1000-GW.

Treatment Mean (g) sStd Error Scheffe Test®
Cut tree 35.7 1.2 A
Tree reps (2.5E) 33.3 .8 A B
Artificial shade 30.4 .7 B

Figure 2.6 illustrates the treatment means for total grain
weight and 1000-grain weight (treatment means are tabulated in
Table B.2, Appendix B). Air temperatures in each plot

differed by less than 1.1° C as explained in 2.4.6.

“Treatments followed by the same letter are not significantly
different (a=.05).
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Figure 2.6. Temperature Experiment--Means--TGW,1000-GW.
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2.4.3. 80oils BExperiment: The '""Cut Tree" Area
Neither the total grain weight (p=.0652) or the 1000-
grain weight (p=.0893) showed a significant difference between
2.5E and 20W in the "cut tree" area (Table 2.8). Means and
standard errors for total grain weight and 1000-grain weight

versus distance are shown in Table B.1, Appendix B.

Table 2.8. ANOVA--Soils Experiment--TGW, 1000-GW.

1 . _ Total Grain Weight (TGW)

—
Source df SS MS F P Signif |
2.5E vs 20W 1 937 937.0 13.9 .0652 NS
error 2 135 67.6
‘ Total 5 7508 1

R e — 3

Source df SS MS F p Signif E
2.5E vs 20W 1 4.00 4.00 9.72 .0893 NS ‘
error 2 .82 .41
Total 5 . 29.49

2.4.4. Yield by Treatment -- Means and Standard Errors
Figure 2.7 shows the means and standard errors for 1)
ears m?, 2) total grain weight (g m2?) and 3) 1000-grain weight
(g) by each treatment with distance treatments (2.5 m to 20 m)
summed over blocks 1-4. Means and standard errors are
tabulated in Table B.1, Appendix B. Because of the different
densities direct comparisons between the controls and the

other treatments should not be made.
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Figure 2.7. Treatment Means (20 m - 2.5 m as Block Averages).
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2.4.5. PAR

Figure 2.8 shows 1) average daily theoretical maximum
along with 2) the average daily unshaded PAR in moles m? day’
and Figure 2.9 illustrates unshaded PAR as a percent of
theoretical“® maximum both by interval (Table 2.4). The
number of grains per ear are determined in intervals 2 and 3
(before anthesis) and intervals 4 and 5 reflect grain filling

time (kernel development).

“Theoretical maximum was supplied by a computer program
showing total irradiance for 100% sunshine at 34° latitude
converted to approximate moles m? day' of PAR using
conversions from the LI-COR manual (Biggs, 1982).
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INTERVAL

2. MAR11-APR12 92071-92103
3. APR13-APR29 92104-92121
4. APR30-MAY15 92122-92136
5. MAY16-MAY30 92137-92151
PAR (Moles/m2/day) 8. MAY31-JUNO4 92152-92156

70

60 S -

50 [

|

Interval

XS UNSHADED DAILY PAR [ ] THEORETICAL MAXIMUM

Figure 2.8. Average Daily PAR by Interval.
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Figure 2.10 differentiates unshaded PAR and theoretical
maximum by day. This shows atypical spring/early summer
weather with many cloudy days. The days from the start of
anthesis (92118) through May 9 (92130) are important for
endosperm production. Extremely 1low PAR values occurred
during this time and at the start of starch production the 7

ensuing days.
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As the season progressed shade times at each distance and
for each day increased. The percent of tree shaded versus
unshaded PAR for each yield plot as the season progressed
(Scheme II -- 1 minute reading intervals with one sensor
repositioned to each yield plot position during its shaded
time) is shown in Figure 2.11. Figure 2.11 was developed by
averaging two clear days within intervals 2, 3, and 5 (Table
2.4) and 1 clear day for interval 6. A clear day for interval
4 was not available. This shows the difference in tree shade
as the leaves emerged (92104). The large gap between
intervals 3 and 5 was due to leaves growing quickly but cloudy
conditions preventing measurement in interval 4.

The results of Scheme III -- 1 minute reading interval
but sensors only at 5E and 5W during their shaded times --
show the effect of cloudy days (Figure 2.12). Dates 101, 108
and 115 were approximately at weekly intervals prior to
anthesis and 130, 142 and 149 were after anthesis, but not at
weekly intervals. Before anthesis, tree shading played a
minor role so 5W (morning shade) and SE (afternoon shade) both
received high levels of tree shaded PAR relative to unshaded
plots. However, afternoon clouds did appear. On day 92115
(April 24th) with a clear morning and cloudy afternoon, the
afternoon tree shaded plot (5E) received 94% of the unshaded
PAR while the morning tree shaded plot (5W) received 77% of
the unshaded PAR.
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Figure 2.12. Tree Shaded vs Unshaded PAR--Scheme III.
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After anthesis the tree shaded PAR as percentage of
unshaded PAR decreased due to tree leaves. However, on May
9th (92130), 26 days after tree-leaf emergence, it was
extremely cloudy (6.5 moles m?) and PAR to positions under the
tree was the same as away from the tree. Both situations show
with clouds present, tree shaded positions receive about the
same PAR as unshaded positions (close to 100% on May 9th) in
the form of diffuse radiation.

PAR from positions 2.5E and 10W were contrasted using
Scheme I with data from 80% of the 85 total days recorded,
from March 11th (92071) to June 4th (92156). During this time
87% of the total unshaded PAR reached the wheat at 10W, while
at 2.5E only 72.2% was received. Figure C.1 in Appendix C
shows PAR levels for 2.5E (tree shaded plots) compared to

unshaded plots (control) by interval.

2.4.6. Temperature and Degree Days

Figure D.1, Appendix D shows the cumulative degree days
(base temperature = 0° C) from October 30, 1991 (91303) to
June 4, 1992 (92156) by 1location (2.5E versus 20W) for
intervals 1-6. At tree bud break (92104) 20W had accumulated
32.3 more degree days. It took two days for 2.5E to make up
this difference (in the following two days 2.5E accumulated
31.4 degree days). At anthesis (92121) there was still a 32.8
degree day difference, but in the following two days 2.SE
recorded 35.6 degree days. There was a difference of 27.8

more degree days in 20W than in 2.5E at maturity (92151).
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This was about 1 day’s difference (the following day had 26.4
degree days).

As the tree leaves increased size and the canopy filled
out (intervals 3-5) there was an increase of degree days in
2.5E as compared to 20W relative to intervals 1 and 2. This
was due to daily low temperatures that were higher under the
trees as the leaves grew while daily high temperatures both
under the tree and away from it were about the same.

Air temperatures at 1.5 m above the ground were compared
in 11 locations -- in Block 2 there were 8 locations 20W, 10W,
5W, 2.5W, tree line (2.5N), 2.5E, 5E, and 10E; 10 m West in
the "cut tree" area (unshaded); in an artificial shaded plot
(Figure 2.2); and in Control 1 (Figure 2.1). Hourly readings
on selected days showed that the mean air temperatures in each
location over the course of a day through to harvest whether
shaded or unshaded differed by less than 1.1° C from each
other. While recording days were not always clear-sky days,
temperatures did climb as high as 32° C.

Two other figures (Figure D.2 and Figure D.3) depicting
temperature are shown in Appendices. Figure D.2 shows the
range between maximum and minimum daily temperatures at 2.S5E
and 20W from the first day of anthesis through the following
9 day period. In Figure D.3 the maximum daily temperatures
are shown from March 11th (92071) to harvest on June 4th
(92156). Oonly temperatures for 20W were included as 2.5E
temperatures were at or below those of 20W. The line at 25°
C represents the maximum optimum temperature for wheat net

photosynthesis (Evans et al., 1980).
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2.4.7. Haun Scale

Table E.1, Appendix E lists the Haun rating means for
each block by the Julian date. Some differences can be seen
at earlier dates, however, as anthesis approached on April
24th (92115), all blocks were at about the same point on the
Haun scale.

In Table E.2, Appendix E the blocks with trees (blocks 1-
4) were grouped by yield plot direction and distance and their
means were listed against the date. No difference was noted

between positions under or away from the tree.

2.4.8. Winad

The number of days and the average wind speed by interval
beginning February 23, 1992 (92054) for 8 directions is shown
in Table F.1, Appendix F. Of the 106 days with data
available, there was a north wind in 35 days (33%) and a
northerly wind (NW, N, NE) in 39 days (37%). In 37 days (35%)
there was a south wind and in 49 days (46%) there was a
southerly wind (SE, S, SW). However, by interval the wind was
evenly distributed between north (N) and south (S) through May
30th. Thus, one direction did not predominate during the
wheat growing period. The wind speed was a little stronger
from the north compared to the south through April (4.0 m/s

versus 1.8 m/s).

2.4.9. Precipitation, S80il Moisture, and Irrigation Dates
The precipitation is listed in Table G.1, Appendix G

along with the percent soil moisture and irrigation dates.
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From October 22, 1991 (91295) until harvest on June 4, 1992
(92156), there was a total precipitation of 148 mm (recorded
in Chang Ge 12 km to the south of the research site). Only 3
days had greater than 10 mm of precipitation -- March 1st
(92061)-13.3 mm, April 9th (92100)-12.8 mm, and May 5th
(92126)-30.2 mm.

In Table G.2, Appendix G, the soil moisture for yield
plot distances and directions for blocks 1-4 are shown with
sampling dates. When comparing the soil moisture at the
different distances there is practically no difference between
2.5 m through 20 m irrespective of direction. The ANOVA for
April 24th (92115), when percent soil moisture was only 4-5%,
was not significant for distance (p=.4292) or direction

(p=.4029) (Table G.3, Appendix G).

2.4.10. Soil Samples

Nitrogen. The research fields were fertilized so that
soil nutrients would not be limiting. Nitrogen levels in all
blocks were well above response levels and differences were
minimal. This was based on an available N requirement of 220
kg N ha! for an extremely high yield goal of 6720 kg ha’
(Dahnke and Johnson, 1990). At 1 mg N kg! = 2.24 kg N ha’
furrow slice* using the lowest soil test N from the September
19, 1991 (91262) test for the area in the 0-20 cm layer (73.4
mg N kg! or 164 kg N ha') an additional 56 kg N ha' was needed

to meet the yield goal. Dahnke and Johnson (1990) (after

MSU soil testing laboratory for a bulk density of 1.3 and a
depth of 15.9 cnm.
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Buchholz et al, 1981) also showed silt loams to loams at 2.0%
organic matter with a cool season crop required 22 kg N ha’'.
Farmers in China were given the equivalent of 136.5 kg N ha’'.
Thus, N should not have affected yield on the 2.5 m to 20 m
plots. An ANOVA for the February sampling showed no
significant difference for direction (p=.0611) or distance
(p=.5201) for 0-20 cm or for 21-40 cm (p=.8015) and (p=.4590)

(Table H.1, Appendix H).

Phosphorus. Phosphorus needs were maximum in the spring
from the inboot stage (Figure 1.10) through the milk stage (7-
10 days after anthesis) of grain filling (Halvorson et al.,
1987). During this time the ANOVA for the February sampling
(92057) in the tree area (Table H.1, Appendix H) showed P
levels were not significant for direction (p=.1659) but
significant for distance (p=.0069) in the 0-20 cm level. The
ANOVA for distance and Scheffe’s test are found in Table H.2
and H.3, respectively, Appendix H. Scheffe’s test at a=.05
showed P significantly greater at 5 m compared to 10 and 20 m
but not 2.5 m. The 21-40 cm layer was not significant
(p=.7293) and (p=.1678) (Table H.1, Appendix H).

For a pH of 8.4 (calcareous soils in semi-arid regions)
less than 10 mg kg'! of P is considered low (Halvorson et al.,
1987). Li and Xiao (1992) also state that wheat in semi-arid
regions of China will experience a yield increase with
addition of P when P-soil tests (NaHCO,;) are less than 16 mg
kg'. This means soils in the experimental plots were

suboptimal for P and wheat yield may have increased due to



138

higher levels under the trees. However, Matar et al. (1992)
with wheat found that P-soil tests (NaHCO,;) of 4 to 5 mg kg'
had no response to fertilizer in wet years (above 300 mm
rainfall).

This research site, being irrigated, should respond as
wheat in wet years so the difference in P should have minimal
effect on yield. During the dry spell leading up to April
24th (92115) (Table G.1, Appendix G) there may have been a
response to P. If this were the case plots at 5 m and 2.5 m
would have benefitted, however, yield was greater at 10 m and
20 m (not under the trees). Thus, P may have had a mitigating
influence on yield outcome at 2.5 m and 5 m versus 10 m and 20
m. Table H.4, Appendix H, shows the P levels for blocks 1-4
and block 5 the "cut tree" area.

Potassium and sulfur, 2 other essential nutrients for
wheat growth were not tested, however, K was applied (NPK 15-
15-14) at about 52.3 kg ha'! and no known sulfur deficiency

existed.

Organjc matter (OM). Soil OM for each block had means
predominantly between 1.0% and 2.43%. Generally means were
about the same as the typical soil of this area or 1.77% (Wei,
1979) in the upper 0-20 cm depth. No clear pattern of
accumulation or depletion by block was evident as the season
progressed and distance did not seem to be a factor with the
ANOVA at both 0-20 cm and 21-40 cm not significant for

direction or distance (Table H.1, Appendix H).
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PH. Soil pH did show a significant difference in the 0-
20 cm layer for direction (p=.0313) (Table H.5, Appendix H)
but not for distance. 1In calcareous soils a higher pH would
have the effect of making P less available. Neither distance
nor direction were significant at the 21-40 cm level (Table
H.1, Appendix H). All readings for direction and distance
were very close to the typical soils for this general area

that have a pH of 8.2 for both levels.

2.4.11. Tree Measurements

Table I.1, Appendix I, lists block means for tree height,
clear bole, diameter at 1.5 m and crown diameter. Over the
course of the experiment, September 1991 to June 1992, average
tree height was 12.8 m; the diameter at 1.5 m was 32.0 cm; the
average bole length measured 5.9 m; and the crown diameter had

an average 9.2 m east-west span (Table I.2, Appendix I).

2.5. DISCUSSION

The discussion will center primarily on explaining the
results for total grain weight and 1000-grain weight at
different distances from the Paulownia tree line. Cultural
factors contributing to wheat yield were described in 2.3.4.
and the emphasis here will be on environmental factors. The
discussion will follow the intervals established in Table 2.4
with two basic sections -- before anthesis and after anthesis.

Before anthesis the total grain weight is determined by
sequential development of the number of ears per unit area and

the number of grains per ear (Figure 1.10). In turn the
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number of grains per ear result from development of spikelets
per ear followed by florets per spikelet. Several yield
studies point to the importance of PAR at different stages of
wheat development before anthesis. In addition, environmental
factors such as soil nutrients, temperature and soil moisture
can play a major role.

After anthesis the kernel begins to grow with two key
physiological processes occurring, endosperm production and
starch formation. The 1000-grain weight which is determined
during this time will also influence the total grain weight.
Because kernel development, which determines 1000-grain
weight, is just one of 4 yield components that comprise total
grain weight, there may be a strong correlation between total
grain weight and 1000-grain weight. Yield studies also
emphasize the importance of PAR, soil moisture, soil nutrients
and temperature for growth after anthesis.

Other aspects of the discussion will include 1) an
evaluation of the temperature effects on wheat yield; 2) an
investigation of yield in soils under the trees versus away
from the trees at 2.5 m and 20 m in an area where trees were
removed before planting wheat; and 3) a study of wheat yield
in controls grown away from the sheltering effects of the

trees.

2.5.1. Trees and Wheat -- the Distance Effect
This experiment showed that total grain weight per plot
differed significantly (p=.0047) (Table 2.5) as the distance

from the tree in an east or west direction increased from 2.5
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m to 20 m. However, no significant difference was found in
the 1000-grain weight (p=.3180) over the same distance even
though there was a strong correlation between total grain
weight and 1000-grain weight p=.8148. Thus, differences in
yield for total grain weight probably occurred before
anthesis. Reasons for these differences are due to multiple
factors, including environmental, that may give rise to

compensatory responses during wheat growth and development.

2.5.1.1. Pre-anthesis -- total grain weight

2.5.1.1.1. Bars per unit area -- tillers. Environmental
conditions affected yield from tillering, early in the growing
cycle (Fall), almost to maturity (Figure 1.10). Tiller number
determines ears/unit area. In addition to nutrients and
cultivar, the number of ears per unit area is strongly
affected by solar radiation (Evans et al., 1980). Although
tree leaves were present during some of the early tillering
stage, they were largely absent through the period (November
1991-February 1992) when effective tillers were being formed.
During this time solar radiation was only minimally affected
by the tree stem and branches. Figure 2.11, interval 2,
showed that 85% of the unshaded PAR, except for trunk shade at
plot position 0 (tree line or 2.5N), still reached the tree
shaded areas through April 3rd (92094) which was after floral
initiation. This was well after tillering had ceased to

become an important factor.
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Fischer (1975) found that a 67% light reduction due to
artificial shading during the tiller forming stage (fall and
winter) did not affect yield. Both Fischer (1975) and Willey
and Holliday (1971) stated that other factors compensated for
low radiation levels during the tillering stage so tiller
number was relatively unimportant in final grain yield.

Farmers in China knew that soil moisture played an
important role in the number of tillers per plant. As
previously mentioned the Fall of 1991 was the driest in over
60 years. Even with irrigation, soil moisture was limited and
tillers per plant were lower than previous years. However,
those plots under the tree were not noticeably different in
ears/unit area from those away from the tree. This was
confirmed by a count of ears m? at harvest (Figure 2.7 and

Table B.1, Appendix B).

2.5.1.1.2. Number of grains per ear

2.5.1.1.2.1. Yield studies. Studies testing effects of
shading on wheat generally do not apply shading at certain
times of the day (as occurs under trees in the field), but
rather at certain times of the development cycle at whole-day
intervals. Biologically or phenologically, these intervals
last days, weeks, months or throughout the entire wheat
growing period. Thus, shading trials represent an extreme
amount of shade for a very short duration compared to tree
shade. In contrast, tree shade is diurnally periodic on a

continuing basis throughout the crop development cycle.
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Wheat shading trials in England (Willey and Holliday,
1971) and Mexico (Fischer, 1975), tested different 1light
intensities. In England 1light intensities (converted to
approximate moles m? day' of PAR) for intervals 2 and 3 were
about 24 moles m? day' averaged over a 3 year period
(theoretical maximum of 63 moles m? day') with shading
intensities of 28% (17.3 moles m? day') and 54% (11.0 moles m>
day'). In Mexico there were about 35 moles m? day' averaged
over a 4-year period (theoretical maximum of 42 moles m? day’)
with shading of roughly 13% (36.5 moles m? day'), 35% (27.3
moles m? day!), 48% (21.8 moles m? day'), 55% (18.9 moles m>
day!) and 68% (13.4 moles m? day'). Both studies showed that
shade from flower initiation to anthesis (intervals 2 and 3)
reduced yield by reducing the grains m? (spikelets per ear
and/or florets per spikelet).

The Chinese research site normally received high PAR
levels in the spring. However, as Figure 2.8 indicates,
average daily PAR (21 and 35 moles m? day’' for intervals 2 and
3, respectively) prior to anthesis was closer to unshaded
levels in England for interval 2 and those of Mexico for
interval 3. The China study was in agreement with the results
of Mexico and England in that there was low PAR before

anthesis and there was reduced yield in more shaded areas.

2.5.1.1.2.2. 8pikelets per ear. Evans et al. (1980)
state that photoperiod, nutrient levels, PAR, and temperature
influenced spikelet number per ear well before anthesis

(roughly interval 2) (Fig 1.10). Photoperiod was the same for
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the distances 2.5 m to 20 m. Available N was greater than the
response level. Towards the end of spikelet formation P may
have been needed as the inboot stage approached (April 14 --
92105). However, soil moisture 1levels were above 10%
(92107) (Table G.2, Appendix G) meaning no response was
anticipated.

PAR during interval 2 from March 11th (92071) to April
12th (92103) was only slightly impeded by the trees (Figure
2.11), however, this atypically was a time of limited PAR due
to clouds as shown in Figure 2.10 of daily PAR compared to the
theoretical maximum. Interval 2 only received about 43.1% of
the theoretical maximum PAR (Figure 2.9). However,
differences between PAR under the trees (2.5E) and a control
away from the trees were small (Figure C.1, Appendix C). At
2.5E the control received 336 moles m? versus 306 moles m? in
the tree shade. A control and 10W (shaded) both received
about 115 moles m? (not shown)*.

In cloudy periods PAR differences under trees and away
from the trees are reduced and diffuse 1light becomes
prevalent. Higher levels of morning PAR (no clouds) signified
a lower percentage of PAR at the tree shaded plot compared to
a full sun plot. In contrast, on very cloudy days tree shaded
plots in the morning and afternoon received over 99% of the

unshaded PAR. This suggested relatively equal but low PAR

“This comparison only accounted for tree shaded time which
diurnally was less at 10W than 2.5E. Thus, 10W PAR was less
than 2.5E.
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levels to all positions as diffuse 1light during cloudy
conditions.

Thus, total PAR received by the wheat during interval 2,
while reduced due to clouds, did not affect positions under
the tree differently than away from the trees because of
similar PAR levels from diffuse radiation. This was supported
by Fischer’s (1975) work where he found that small reductions
in radiation had little effect on yield at any stage of
development.

Wheat development through interval 2 using the Haun scale
to visually check for differences across the yield plot
spectrum from 20W to 20E (Table E.2, Appendix E) showed only
minor differences (92086, 92093, 92101). Cumulative degree
days from planting (Figure D.1, Appendix D) were employed to
show average temperature differences and their effect on
development. A look at interval 2 shows a small difference
(6.4 degree days or about 1/2 a day). Thus, the Haun scale
and degree days helped confirm that wheat development under
the tree and away from the tree were similar with temperature
not playing a significant role on spikelets per ear. The lack
of difference in photoperiod, nutrient status, PAR and
temperature from 2.5 m to 20 m suggested that development of

the number of spikelets per ear were not affected.

2.5.1.1.2.3. Florets per spikelet. The stage of
development in the 2-3 weeks prior to anthesis is florets per
spikelet. PAR, water availability, P, and temperature

affected the number of florets per spikelet during this time.
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PAR. Stockman et al. (1983) studied an 8 day interval
(from 14 to 6 days before ant<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>