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ABSTRACT

A Seed Demography Model for Finding Optimal Strategies
for Desert Annuals
by
J. Curtis Wilcott, Doctor of Philosophy
Utah State University, 1973

Major Professor: David W. Goodall

Department: Range Science

A theoretical investigation of the factors that affect the
population dynamics of annual plants growing in deserts was
conducted through the use of computer modeling techniques. A
series of three models of the yearly life cycle of desert annuals
was constructed and their behavior examined. The dissertation
centers around the third and most complex model, a computer
simulation model with distinguishable seed cohorts in a randomly
varying rainfall environment. A typical simulation run was for
80 years and cost $1.00.

The five plant functions were (1) seed losses‘(mainiy
predation) as a function of seed age, (2) seed dormancy as a
function of seed age, (3) percent germination of the non-dormant
seeds in response to germinating rainfall, (4) percent survival
from the seedling stage to maturity as a function of tofa] rainfall

over the growing season and seedling density, and (5) seeds



Xi

produced per plant as a function of total rainfall over the growing
season and density of mature plants. The stochasitc rainfall
generator used historical rainfall probabilities from US Weather
Bureau stations at Las Vegas, Nevada and Tucson, Arizona.

The literature on desert annuals was carefully searched to
provide supporting data for the plant functions used in the
simulation model. Most of the data is for winter annuals growing
on the Nevada Test Site near Las Vegas. Single species data are
rare, so the model functions reflected the average plant responses
for winter annuals as a group. This base run set of funciions
reproduced the observed data quite well.

Sensitivity analysis of the simulation model indicated that
in order to persist in the Las Vegas area, the seeds of annuals
should have at least a one-year period of dormancy and a minimum
threshold of about 15 mm of germinating rainfall. The age
distribution of the seed reserves in the soil and the percent
germinable is strongly influenced by the recent rainfall history
of the site and the seed loss rate. The optimum balance is
when the losses of older seeds from the seed reserves due to
- germination is the same size as the sum of the non-productive losses
(e.g., predation).

Several experiments are suggested -- some to cover gaps in
the published data and some that became evident through the

sensitivity analysis of the model itself. (148 pages)



INTRODUCTION

Most observers of desert plant communities agree that the
physical environment that these plants must cope with is harsh and
unpredictable. Many of these same observers also believe that
desert plants are decendants of more mesic species that have invaded
deserts. If true, these invaders most certainly had to make some
adaptive changes in their life cycle strategies in order to persist
in their new environment. Regardless of their ultimate origins,
however, the question still remains: How do they do it? What
factor or factors are most critical in their life cycle?

My research objective is to give some tentative answers to
these questions through the use of computer modeling techniques.

My initial approach was conditioned by some earlier simulation
modeling work that I had done with the US/IBP Desert Biome research
program. I had written a rather simple computer model called ANNUALS]
that simulated the germination, growth, and seed set of desert annuals.
The model operated on a weekly time increment and a typical run was
for 5-10 years. Weekly rainfall and temperatures were generated
stochastically in a simple fashion.

The output of this model was not particularly informative.
However, there were several obvious areas of improvement in the
model that I felt would make it into a meaningfull dissertation.

In particular, the following modifications were attempted:

]Modeling Report Number 14, US/IBP Desert Biome, Utah State
University, Logan, Utah.



(1) The stochastic rainfall and temperature generator was
improved by carefully analyzing over twenty years of climatological
data from four different US Weather Bureau stations (E1 Paso,
Tucson, Las Vegas, and Elko) to obtain representative distributions
of the rainfall and temperature probabilities for these sites.

The resulting probability distributions were used as input data
to the model.

(2) The simple soil moisture calculation was expanded to
simulate changes in soil moisture for several soil depths.

(3) Vegetative growth parameters describing the root/shoot
ratio and the root growth rate were included. Coupled with the
soil moisture calculations, these parameters would allow for the
testing of the effects of different rooting strategies.

(4) The improved model would keep track of seed cohorts,
rather than just the total density of seeds in the soil. The
model could then simulate the effects of changes in seed dormancy
on the population dynamics of the plant.

In retrospect, the above procedures were much too ambitious,
both in terms of computer costs and the data requirements. After
working on just the soil moisture portion of the model for several
weeks, I had a program'that was over 200 statements long, cost $2.00
per year of simulation and still did not adequately predict soil
moisture levels at different depths. In addition, the plant
portion of the model had a number of functional responses that were

simply "best Quesses", with little or no hard data for a basis.



It soon became apparent that I had reached an impasse with this
approach. (The soil moisture model was becoming a dissertation in
itself!)

After some deliberation I realized that a weekly simulation
model was working at a level that was unnessarily detailed and
mechanistic for my stated objective: to determine what adaptive
strategies are most suitable for annuals growing in deserts. For
example, the weekly model might indicate the mechanism(s)'wheréby
a plant could increase its survival probability from the seedling
stage to maturity, but there were simply too many parameters to
answer the larger question: Is an increased plant survival of more
adaptive advantage than, say, a change in the pattern of seed
dormancy? »

I then decided to describe the population dynamics of a desert
annual on a yearly basis (or, at most, on the basis of a whole
growing season). There are several advantages for doing so: (1) the »
number of parameters needed to characterize the whole life cycle
is considerable smaller than that needed for a weekly description,
(2) because the parameters are few, the relative importance of
very different aspects of the life cycle can be readily ascertained,
and (3) most of the published data for desert annuals are based on
at least a complete growing season.

After a careful study of the literature, I became convinced
that the key adaptation of desert annuals was the behavior of their
seeds. The working hypothesis that I have chosen to test is: Seed

dormancy and germination controls are the most important adaptive



strategies of desert annuals. Since dormancy is described in terms
of the age of the seed, this hypothesis requires that the model

keep track of seed cohorts. In fact, I soon found that this approach
centered around a dynamic life table for these seed cohorts.

The above hypothesis is certainly not original with me. However,
hardly anyone seems to have attempted to test it, either experimentally
or theoretically. The one exception is the work of Cohen (1966).
Cohen's model (see Review of Literature, page 29) was borrowed from
economic theory and applied to the problem of reproductive strategies
for hypothetical desert annuals. The conclusions he reached have
been quite helpful for me in the present study. However, Cohen did
not distinguish between seed cohorts, nor did he allow for germination
rates to be functions of rainfall -- a well-established phenomenon
with desert annuals. Also, the re]atfonships he used between rainfall
and seed production had no apparent basis in hard data. _ 4

I constructed a sequence of three yearly models and examined
the behavior of each in turn. The first model (Model 1) is quite
simple and only incorporates the minimum set of assumptions necessary
for describing the life cycle of an annual plant in a constant
environment. Model 2 contains a dynamic life table for the seed
cohorts, but the environment is still considered constant. Most
of the dissertation deals with Model 3 -- a distinguishable cohort
model with a randomly varying environment.

Model 3 has been tested with data for wiqﬁer annuals growing
in desert conditions. Single species data ;;ﬁ;are, so the model

parameters have been chosen so as to reflect the mean plant responses



of winter annuals as a group. Since water is the major limiting
factor in deserts, rainfall is the only environmental variable
that is conéidered. Temperature and/or length of the growing
season could easily be added if the model were to be applied to
annuals living in more mesic conditions.

The computer program that embodies the assumptions of Model 3
is written in PL/I and has been run on a Burroughs 6700. There are
502 source statements and the running cost is about $1.00 for an

80-year simulation.



REVIEW OF LITERATURE

The material that is reviewed here has been divided into five
subject areas: climate, runoff, soil moisture, evapotranspiration,
and desert annuals. Although the three subjects of runoff, soil
moisture, and evapotranspiration are only relevant to the original

weekly simulation model, I have retained this material for complete-
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particular storm. However, individual differences between gauges
diminished during the course of the year. The greatest source of

these variations was the spotted distribution of summer thunderstorms.

Runoff

Two papers that relate precipitation and runoff on a desert
watershed are those of Tadmor and Shanan (1969) and Osborn and
Lane (1969). Tadmor and Shanan found that the relation between
daily precipitation and daily runoff for a naturally vegetated site

in the Negev desert in Israel could be described by:
Runoff = 0.12(P - 2.9)

where Runoff and P are in millimeters per day. If the vegetation

was removed from the site, the relationship changed to:
Runoff = 0.40(P - 1.8)

Their experiment demonstrated that vegetation removal decreases
the runoff threshold (a decrease from 2.9 to 1.8 mm of rain) and
increases the proportion of the rain above the threshold that goes
to runoff (an increase from 12% to 40%).

Osborn and Lane (1969) obtained their data from several small
(0.5 - 10 acre) semi-arid watersheds in southeastern Arizona. They
found that 90% of the annual runoff occurs in July and August during
the high intensity thunderstorms. Runoff correlated most signifi-
cantly with total precipitation in each storm with an average

relationship of:

Runoff = 0.32(P - 7.0)



where Runoff and P are in millimeters per storm.

Differences between the Tadmor and Shanan data and the Osborn/
and Lane data could be attributed to differences in slope of the
watersheds, soil type, plant cover, and storm intensity. In fact,
the Negev precipitation is almost entirely from relatively low
intensity winter storms (Noy-Meir, private communication), whereas

the Arizona runoff is from high intensity summer storms.

Soil Moisture

Soil moisture measurements in deserts have been reported rather
infrequently. Rickard and Murdock (1963) measured tha field capacity
and wilt point for several desert soils on‘the Nevada Test Site
near Las Vegas for several depths, as well as the loss of soil
moisture over a spring growing season. Rickard (1967) measured
the seasonal pattern of soil moisture for two neighboring shrub
communities in southeastern Washington at 10 depths over a 2-year
period. A bare soil plot was also used as a comparison.

Cable (1969) made measurements of soil moisture changes in a
desert grassland site in southern Arizona. His general observations
on the seasonal pattern are (1) there are one or more recharges
to field capacity in late July and early August to 3" and usually
to 12", but only rarely to 24"; (2) there is rapid extraction to the
wilt point in 3-6 weeks, depending on subsequent rain; (3) there
is recharge at 3" and 12", and usually but not always at 24",
sometime in late fall and early winter; (4) high soil moisture

levels are maintained for 2-5 months during the winter rainy



season; (5) extraction to wilt point occurs to at least the 24"
depth by the end of April or early May.

Ackerman and Bamberg (1972) have measured the phenological
stages of the major shrubs on the Nevada Test Site, along with ’7\¢
soilAtemperature, soil moisture (2 depths), and rainfall for

several years.

Evapotranspiration

The problem of predicting the rates of soil moisture loss
due to evaporation from the soil surface and to transpiration by
the plants has been studied by a multitude of workers in many fields.
The literature on the subject is voluminous and only a few citations
which are of direct relevance to a weekly simulation model will be
mentioned here.

The primary measure of the rate of water loss from crop-covered
soil is called potential transpiration. Penman (1956) defines it /
as “the amount of water transpired in unit time by a short green
crop, completely shading the ground, of uniform height and never
short of water".

The difficulty with this definition is that few situations in
the field (cropland or natural vegetation) meet these conditions.
Either the vegetation does not "completely shade the ground" or
the soil does not meet the "never short of water" condition. To
be useful in cases where the plant cover is not 100%, the term
is usually lengthened to potential evapotranspiration. This allows

for evaporation directly from the soil surface. All potential
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evapotranspiration equations thus have a "crop coefficient" included
in them which is usually less than 1.0 and varies seasonally.

There have traditionally been two alternate ways of calculating
potential evapotranspiration (hereafter abbreviated as PET), the
aerodynamic approach and the energy balance approach. Excellent
reviews of the advantages and limitations of each approach may be
found in Penman (1956), Tanner and Pelton (1960), and Van Bavel (1966a).

The aerodynamic approach uses basic physical principles of
turbulent air flow to arrive at a measure of the "drying power"
of the air mass flowing over the soil and plant surfaces. This
approach is of limited practical application because of the many
difficult-to-measure parameters, particularly the soil surface
temperature.

The energy balance approach computes PET from the energy input
(initially solar radiation) that is needed to change water from
a liquid to a vapor. The two most well-known methods in this
country are those of Thornthwaite (1948) and Blaney and Criddle
(1950). To make this approach quite practical for agricultural
needs, very simple indicators of the energy input are used. For
example, the Blainey-Criddle formula for the PET for a particular
time interval (usually a month) is:

PET = kFT, where PET is in inches per time interval,
k is the crop coefficient (dimensionless),
F is the fraction of annual daylight hours
occuring in the time interval, and

T is the mean air temperature in °F
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Blaney (1952) found crop coefficients for his formula (based on
native phreatophyte vegetation in California and New Mexico) to
range between 0.5 and 1.2, depending on site, plant species, and
season.

Penman (1948) derived a "combination" method which uses the
advantages of the simple data requirements of the energy balance
approach and the theoretical soundness of the aerodynamic approach.
The quantities required by his method are mean air temperature,
mean relative humidity, mean wind velocity, and mean daily duration
of sunshine. Penman found that for southern England, the crop
coefficient was 0.6 in winter, 0.7 in spring and autumn, and 0.8
in summer.

Pelton and Korven (1969) made an experimental test of the
Penman, Thornthwaite, and Blainey-Criddle methods on an irrigated
alfalfa field in Canada. They found that the latter two methods
predicted weekly water requirements with reasonable accuracy, but
described daily values inadequately. The Penman equation did
fairly well in predicting daily PET.

Van Bavel (1966a) has derived an improved version of Penman's
formula and has found that it predicts both daily and hourly PET
under a variety of conditions.

As noted above, a further difficulty with applying PET
calculations to field situations is that the only time the soil
is not "short of water" is immediately after irrigating or rain.
Hence, a distinction is usually made between potential evapotrans-

piration (PET) and actual evapotranspiration (AET).
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The relationship between PET and AET is a confused one. Some
investigators say that AET decreases significantly from PET as
soon as the soil begins drying out. Others say that AET remains
close to PET until the soil has been dried to almost the wilt point.
An example of the former is found in Slatyer (1956) and the latter
in Veihmeyer and Hendrickson (1955). The debate still continues
and has been further confused by the data of Denmead and Shaw (1962).
They show curves of the AET/PET ratio as functions of soil water
potential and PET. At high PET values, the ratio falls below
1.0 at relatively moist soils. At low PET values, the ratio remains
near 1.0 until the soil has dried significantly. These curves were
obtained from growing corn plants in 20-gallon cans buried in the
field. Hanks (private communication) questions the validity of
their measurements for naturally growing plants where the root systems
have access to widely differing soil water potentials at different
depths.

Grigal and Hubbard (1971) have used the Denmead and Shaw curves
in a soil moisture model for a deciduous forest and find reasonable
agreement with measured values for AET on an annual basis.

Mathemetical models of soil water movements have been developed
by Gardner (1958, 1960, 1964), Hanks et al (1962, 1969), Molz and
Remson (1970), and Nimah (1972). They all use the one-dimensional
soil moisture flow equation (the Darcy equation) as the central
relationship. Molz and Remson (1970) and Nimah (1972) have a root

extraction term to account for water uptake by plants.
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Desert Annuals

One of the earliest series of studies of the life cycle of
desert annuals was that of Went (1948, 1949), Went and Westergaard
(1949), and Juhren, Went, and Phillips (1956). These papers
describe field studies conducted at two Mojave desert sites,
Joshua Tree National Monument and Death Valley National Monument,
both in California. In addition, laboratory studies of the
germination of desert annual seeds and competition experiments
were conducted. The general conclusions of these papers are:

(1) There is great variation in the spatial and temporal
patterns of annual vegetation in deserts due to the spatial and
temporal patterns of rainfall and its effect on germination.

(2) On the Joshua Tree sites there are two sets of annuals,
winter and summer. The winter annuals usually germinate in late
fall or early winter, undergo rapid growth in early spring, and
set seed in April or May. The summer annuals germinate in mid-summer
and grow from 3-8 weeks before setting seed in late summer or
early fall. There are no summer annuals in Death Valley because
of almost total absence of summer rainfall.

(3) Regardless of the season or the species, germination of
annuals only occurs after rains of 25 mm or more.

(4) If the rains which trigger germination are large, the
plants will grow relatively large before flowering and setting seed.
If rains are just barely sufficient for some germination, little

growth occurs before the plants switch over into the reproductive
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stage. A large proportion of the plants reach maturity and produce
at least one seed per plant.
(5) The germination controls are more important than competition
between the growing plants. When moisture stress begins, the
plants set seed regardless of their size.
| (6) In laboratory experiments, summer annuals germinated best

when the air temperature was around 26°C. Winter annuals germinated

J

best when the temperature was about 15°C.

(7) Following a rain of 25 mm or more, 10-25% of the total
viable seeds in the soil germinated.

(8) Germination densities at Joshua Tree ranged between
200-2000 seedlings per square meter. In Death Valley the densities
were 40-100 seedlings per square meter on the valley floor and
as much as 5000 seedlings per square meter at higher (and wetter)
sites. -

(9) Total seed reserves of annuals in the soil at Joshua Tree
was 25,000 per square meter.2 Reserves of viable seed at Death
Valley (as determined by forced germination in the lab) was
estimated at only 500 per square meter.3

(10) Overall survival from germination to seed set of winter
annuals at Joshua Tree ranged between 9-71%, with a mean of 46%.

In another classic study of desert annuals, Tevis (1958 a, b, c)

induced germination of annuals on a Mojave site near Indio, California

2It is not mentioned how this value was obtained.

3A dubious procedure where seed dormancy is involved.
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by watering several plots with an irrigation sprinkler once a month
over a period from July to December in 1956. He made careful
studies of the two distinct populations of annuals (summer and
winter) which resulted from this sprinkling and a summary of his
findings are as follows:

(1) Both groups of annuals required at least 25 mm of simulated
rain to initiate germination. Summer annuals germinated in July
and August when the mean air temperature was near 30°C. Winter
annuals germinated in October and November when the mean air
temperatures were 12-18°C. Real rainfall was several times more
effective in initiating germination in both groups of annuals.

(2) Summer annuals had an average survival of 45% and set
seed in late September. Winter annuals had an average survival
of 35%, with the greatest mortality occuring when rapid spring
growth brought on moisture stress in March and April. _

(3) Of the two cohorts of winter annuals, the October germinating
plants were 5 times the size of the November germinating plants
when they all reached maturity in March. The October group had
2000 flowers per plant compared to only 25 flowers per plant for
the November group.

(4) Plant densities at seed set in April were about 400 per
square meter. Total seed production was greater than 300,000

4

seeds per square meter.” The bulk of the winter annual biomass

and seed crop was contributed by one species.

4It is not clear whether this figure is only for the watered
plots or includes the adjoining areas which received no supplemental
water.



16

(5) A census of granivorous ant colonies near the sites and /
estimates of foraging rates indicate that ants are collecting less fgg( '
than 0.1% of the seeds produced by the annuals. ‘ // /

/)
The most recent series of papers on desert annuals are those / Z4M14 y
y ,ﬂ;'

of Beatley (1967, 1969a, 1969b, 1972a). Her findings are based LA//
on many years of field work on the Nevada Test Site near Las Vegas.

Beatley (1967) discusses the survival of winter annuals over
two consecutive growing seasons. In 1963-64, autumn rains initiated
good germination and the annuals enjoyed a 7-8 month growing season.
There was 38% survival to maturity. Following a dry autumn in
1964, heavy rains in March, 1965 initiated some germination, with
a resulting growing season of only 6-10 weeks. Survival rates
averaged 60%. Both of these sets of data (from several different
sites) are shown in Figure 1, with the 1963-64 data points denoted
with '1' and the 1964-65 data points denoted with '2'. There is a
definite increase in survival with increasing rain (and a shorter
growing season!). In both seasons the greatest mortality occurred
in March and April when there is rapid stem elongation. Evidently
soil moisture is limiting at this time, although no wilting of
plants was ever observed.

The relation between winter annuals and seed-eating rodents
(principally kangaroo rats and pocket mice) was reported in Beatley
(1969a). She has recorded the amount of germinating rainfall,
density of annuals in May, and rodent densities the following summer
for the years 1963-1968. Average plant densities varied from a

low of 10 per square meter to a high of 110 per square meter, depending
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on rainfall. Average rodent densities (all species) ranged from
3-38 per hectare. These data are shown in Figure 2. The correlation
between plant densities and rodent densities appears quite good.
Except for the single point on the far right, it seems that the
rodents follow the ups and downs of their "prey" quite well.
Beatley conjectures that the rodents are dependent on the green
vegetation in the spring for dietary water and/or vitamins to
initiate their reproduction. She further says that it does not
appear "that food resources (fruits and seeds) available beyond
the spring season are a potential critical factor in reproductive
activity of the rodents the next season".

Figure 3 shows the relation between the density of mature
annuals in the spring and the amount of germinating rainfall the
preceding autumn (generally the rain occurring from late September
to early December). Figure 4 shows the same set of spring demsities
as a function of the total rainfall over the growing season (from
the beginning of autumn germination until late April or early May).
Note that for the Nevada Test Site a minimum of 60 mm of total rain
is required to insure any production of winter annuals.

Beatley (1969b) has extensive peak biomass data on winter
annuals from 68 sites for the springs of 1964, 1965, and 1966,
as well as the total precipitation over each growing season for
each site. Figure 5 shows these data graphically. Her observations
for these annuals may be summarized as follows:

(1) Plant height ranges between 3-20 cm.

(2) Rooting depth ranges between 1-20 cm.

-
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(3) Plant densities range between 0-975 per square meter.

(4) Plant cover has a range of 0-30%.

(5) Peak biomass values range between 0-62 grams per square
meter.

(6) Average biomaés was 6.0 grams per square meter in 1964
(ah average rainfall year), 1.9 grams per square meter in 1965
(a poor rainfall year), and 16.0 grams per square meter in 1966
(a good rainfall year).

Using the few data in common in Beatley (1967) and Beatley
(1969b), I have calculated the mean plant weight (all species
combined) for two growing seasons. Figure 6 shows these mean weights
as a function of total rainfall over the growing season. Figure 7
shows mean weight as a function of plant density at maturity.
There is no discernable pattern with these few points, even when
considering mean plant weight as a function of both variables
simultaneously.

A summing up of her observations on both shrubs and annuals
in the Mojave desert is found in Beatley (1972a). This paper is
a very detailed word model of the way the vegetation responds to
the yearly rainfall and temperature pattern of the region. It is
a collection of causal relationships of the form: 1if climatic
condition A occurs within a time period T, then species S will
respond in manner X; however, if condition B occurs in that time
period, then the response will be Y.

A classic study of the seed-producing ability of plants is

that of Salisbury (1942). He made extensive collections of plants
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and seeds from a wide range of habitats in England. His general
conclusions are: (1) species whose seedlings become established

in the shade have heavier seeds than those whose germination occurs
in full light, (2) species that grow in more advanced stages of a
sere have heavier seeds than do the earlier successional ones,

(3) average seed output (seeds per plant) are higher for species
growing in open habitats than for species of closed communities,
and (4) percent germination is markedly lower for open habitat
species (about 50%) than for closed habitat species (75-80%).

His data for open habitat species may be relevant to desert annuals:
mean seed weight is .001 gram.and seeds per plant range between
40-23,000 with an arithmetic mean of 3,000.

A very recent study by Baker (1972) on the seed weight of
annual plants of semi-arid regions of California is in agreement
with Salisbury's data. Baker found that seed weight is lognormally
distributed about a modal value of .001 gram, with approximately
half of the species having seed weights between .0001-.003 gram.
Figure 8 shows the distribution of seed weights for several hundred
species of semi-arid annuals of California. The modal value (class 6)
represents a seed weight of .001 gram. Successive seed weight classes
differ by a factor of 3 (e.g., class 5 is .0003 gram and class 7
is .003 gram).

Taylor and Rossiter (1967) have discovered the presence of a
germination inhibitor in the seed coats of the seeds of some plant
species. It appears that this substance must be leached out of the

seed coat by water infiltrating into the soil before the seed can
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germinate. The action of this inhibitor would explain the widely
observed phenomenon of seed dormancy, particularly evident in many
species of desert annuals.

A set 6f three Masters theses that deal with desert annuals on
sites near Las Cruces, New Mexico are those of Dye (1969), Hettinger
(1969), and Shiffler (1968).

Dye measured the densities of annual seeds in the soil and
found them to be 13,000-22,000 per square meter. Microscopic
inspection determined that only one third of them were potentially
viable. He also conducted germination experiments in the laboratory
with samples of seeds and soil collected from different depths.

Only 2% of the seeds could be induced to germinate, regardless of
the treatment. The greatest germination rate was from seeds found

at 1.5 cm depths. These seeds were presumably older than the
majority of the seeds, 80% of which were in the top 0.5 cm of soil.
The emergence of seedlings in the lab experiments corresponded to

the same densities found in the field: 100-200 seedlings per square
meter. Annua] grasses constituted 40% of the seed reserves and

40% of the greenhouse seedlings. The dominant species of annual

forb constituted 50% of thelseed reserve, but only 5% of the seedling
population.

-Hettinger (1969) made measurements of the total production of
annuals by species over one growing season. He found that, depending
on species, mature plant densities ranged between 1-70 plants per
square meter and plant weight was between .03-5.7 grams. A mean
plant weight for all species of annuals (weighted by their relative

abundance) was 0.5 gram. Total production of annuals was 200 grams
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per square meter over a growing season of 180 days. His only
reference to seeds was that "a large portion of the energy (of
production) is assimilated into fruiting structures and seeds".

Shiffler (1968) conducted phenology observations on populations
of summer annuals on the Las Cruces sites (a summer rainfall region).
He found that the plants germinated after rains of 0.5 inch or more,
grew rapidly, and set seed after a growing season as short as
4-5 weeks. There were several overlapping cohorts throughout the
summer, each cohort having been germinated by a different storm.
A11 of the summer annuals had set seed by mid-September.

The most recent reports dealing with seed reserves of desert
annuals are the US/IBP studies of Goodall et al (1972) and Balda
et al (1972). Goodall et al have preliminary indications that the
densities of annual seeds on Great Basin sites a few miles north
of the Great Salt Lake range between 500-2000 seeds per square
meter, depending on site rainfall, soil salinity, and land use
practice. Different species had very different seed densities as
a function of soil depth. Also, seed densities were much higher
under shrub canopies and grass tussocks than in the open areas
between shrubs.

Balda et al (1972) reported the following results from a
Sonoran desert site near Tucson, Arizona:

(1) 90% of the seeds are in the top 2 cm of soil.

(2) Seed densities ranged from a high of 2300 seeds per square
meter in July, 1970 to a low of 125 seeds per square meter in March,
1971. This represents a total loss of 95% of the seeds over this

time period.
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(3) The mean seed weight for all species of annuals (weighted
by their relative abundance) was .001 gram.

(4) The major seed-eating rodents are one species of kangaroo
rat and several species of pocket méﬁéEQ The report contains
excellent data on the rodent's reproductive behavior and diets.
However, since absolute densities of the rodents were not determined,
rodent impact on the population dynamics of the annuals cannot be
assessed. i

Measurements of the densities of small mammals in deserts have
beén made by Chew and Butterworth (1965) on a Mojave site in
California and by Chew and Chew (1970) on a Sonoran site in Arizona.

Chew and Butterworth stated that the metabolic demand of an adult

kangaroo rat (Dipodomys merriami) is about 12 Kcal per day (equivalent

to 3 grams of seeds per day). Total rodent densities were between
0.5-3.7 per hectare during the study period. Chew and Chew (1970)
found that small mammal densities averaged 17 per hectare on their
Sonoran site, 70% of which was composed of the kangaroo rat,

D. merriami. The small mammals consumed only 2% of the net above
ground plant production (total of annuals and perennials), but they
utilized over 85% of the seed production.

Other studies of desert rodents have been reported in Reynolds
(1958), French et al (1966, 1967), Wood (1969), and Bradley and
Mauer (1971).

There are several papers by Harper (with others) that deal
with the germination, growth, and reproductive strategies of annual

plants, particularly the so-called "weedy" species. Harper and
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Gajic (1961) report on experimental studies of competiton effects
between an annual weed grown in pots with various combinations of
wheat and beet plants. They found that some characteristics (plant
survival and seed weight) were fairly independent of the treatments,
whereas some others (plant weight, number of seeds per plant, and
total number of seeds produced per square meter) were quite dependent
on the treatment.

Harper et al (1965) and Harper and Benton (1966) introduce the
concept of "safe sites" for seeds on a soil surface. They postulate
that a given soil surface has a limited number of micro-sites where
seeds are protected and have a moisture supply that is adequate
enough to ensure germination and seedling establishment. They discuss
the effects of the texture of the soil surface and the size and shape
of the seed in determining the number of such safe sites.

Theoretical discussions of life cycle strategies for annual
plants can be found in Harper (1967) and Harper and Ogden (1970).

In the former paper, Harper stresses the importance of describing
plant communities in terms of the numbers of individuals of a plant
species in an area, rather than in terms of plant biomass. He
believes that using the 1life table approach of animal ecologists

will help consideréb]y in giving insight into the population dynamics
of plant communities.

Harper and Ogden (1970) studied the growth characteristics of
a common weed in terms of its energy allocation to different plant
parts as a function of the age of the plant. In particular, they

were interested in determining the "reproductive effort" of the
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plant, which they defined as the ratio: (total weight of seed per
plant)/(total plant weight at maturity). They grew single plants

in pots of various sizes to simulate the effects of crowding stress
on the reproductive effort of the species. They found that at low
stress (pot contained 1700 ml1 of soil) the reproductive effort was
19%. At medium stress (300 ml of soil), it was only reduced to 15%.
At high stress (20 ml1 of soil), it was reduced to 6%.

A review article by Harper et al (1970) on the shapes and sizes
of seeds indicates that the‘reproductive effort of most annuals
(exclusive of grain crops) is in the range of 15-30%.

Palmblad (1966, 1968) made laboratory studies of factors which
may regulate the size of populations weedy plant species, principally
the effects of "safe site" germination controls and plant density
effects (both intra- and inter-specific) on plant survival and
plasticity (i.e., the effects of density on the size of mature .
individuals). He found that the size of the seedling population
was mainly a function of the soil surface and was species specific.
Vegetative dry matter production increased with sowing density, but
finally reached a plateau. The number of seeds per plant decreased
with increasing density. Seed weight for a given species varied only
slightly with plant density. Palmblad concluded that the population
size of these species was regulated by (1) self-controlled germination,
(2) number of safe sites, (3) increased mortality with increasing
plant density, and (4) decreased plant size and seed production per
plant with increasing density.

A paper that has very direct relevance to the present study is
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that of Cohen (1966). He has used the economist's technique of
investment decision making under risk to investigate optimum
reproductive strategies for annual plants in a randomly varying
environment. The factors that he uses to characterize the plant
are (1) Y, the seed yield per germinating seed, (2) G, the
germinating fraction of seed each year, and (3) D, the decaying
fraction of seed each year. The parameters G and D are constants
for a given species. Seed cohorts and age distributions are not
considered. The environment is described in terms of a finite
number of year types that have a probability of occurance of Pi
and a corresponding seed yield of Yi' Cohen then derives the value
of the species long-term growth rate as a function of G and D for
a given distribution of Pi and Yi' His conclusions are the following:
(1) If there is a high probability of total failure, then the
species must have a large Y when successful, good viability for
ungerminated seeds, and a low yearly germinating fraction.
(2) Conversely, if there is a high probability for successful
reproduction, then the optimum germinating fraction is high and
the ability for seeds to survive a long time in the soil is relatively

unimportant.
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DESCRIPTIONS OF THE MODELS

After I decided to give up the weekly simulation approach and
work on an annual time scale, I constructed a sequence of three
distinctly different models. The first model was quite simple --
it did not deal with seed cohorts or a variable environment. After
learning the behavior of this simple description of an annual's
life cycle, I made the next model more complex by including seed
cohorts. It was only after I had gained some experience with how
different parameters affected the population's rate of growth and
the age structure of the seed reserves in the soil that I constructed

the final version (Model 3) with a randomly varying environment.

Model 1: Indistinguishable seed cohorts in a constant environment

Assume that the yearly 1life cycle of a species of annual which
must re-seed itself from year to year can be diagrammed as shown in
Figure 9 on the next page. What is the relationship between the
four parameters G, K, S, and P such that the population will remain
in equilibrium? Let N, the total density of seed reserves in the
soil, be the measure of the species' well being. The equilibrium
condition would then mean that when the plant goes through a yearly
cycle there is no net change in N. Thus, if Nt is the seed density
at time t, then the density the following year, t+1, is given by:

N,,q = Nt(l-G)(l—P) + Seed Crop (eq. 1)

t+]
with the seed crop given by:

Seed Crop = Nt(GKS) (eq. 2)
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SEED CROP
(#/mz)

MATURE PLANTS
(#/mz)

SEEDLINGS
(#/m2)

SEEDS IN SOIL (N)

(#/m2)

SEEDS EATEN BY PREDATORS
(#/m?)

G - fraction of the seeds that germinate per year (0 < G < 1)

K - fraction of the seedlings that survive to maturity (0 < K < 1)

S - number of seeds per mature plant (S > 0)

P - fraction of the seeds that are eaten per year (after
germination losses) (0 <P < 1)

Figure 9. Diagram of Model 1.
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For equilibrium, Nt+1 = Nt‘ Combining equations 1 and 2 and
equating Nt+l and Nt’ we have:
Nt = Nt(l-G)(l-P) + Nt(GKS) (eq. 3)
Dividing through by Nt and rearranging terms we get the condition

of equilibrium for this simple model:

GKS =P + G - PG (eq. 4)

The left side is the average number of seeds produced from each
seed in the soil. The right side is the probability that a given
seed will be "lost" from the seed reserves due to germination or
predation. Equilibrium is attained when these two quantities are
equa].r In an expanding population, the relationship would be:

GKS > P + G - PG (eq. 5)

In a declining population, it would be:

GKS <P + G - PG (eq. 6)

In nature, the parameters G, K, S, and P are most certainly
functions of environmental variables (e.g., rainfall) and vary in
size from year to year. For the present model, let us assume that
they are constant from year to year (i.e., a perfectly predictable
environment) in order to study the effects of each parameter relative
to the others.

There are four parameters in equation 4 and hence the behavior
of the system at equilibrium cannot be examined graphically. However,
K and S only appear as a single product, with that product being the
number of seeds returned to the soil for each seed that germinates.

Let us consider KS as a single parameter so that equation 4 may be



arranged in the following forms:

ks = f(6,p) = L2 E=FE (eq. 7)
G = f(P,KS) = mlz—s'_—-'- (eq. 8)
P = f(6,ks) = SIS = 1) (eq. 9)

The response surfaces described by these three equations, for
various combinations of G, P, and KS, are shown in Figures 10-12,
respectively.

Figure 10. In Figure 10 the KS surface is near 1.0 over most
of the P-G plane. In fact it is only for low germinating fractions
(6 < 0.3) that KS rises above 3. Thus, in an environment where the
plant can regularly germinate 30% or more of the seed reserves in
the soil, KS can be near 1.0 for stability and the plant is insen-
sitive to the seed predation rate.5

Of course, in harsher environments, it is known that even in good
years less than 10% of the seed reserve may germinate. A population
in such an environment would then be sensitive to the pressures of
the seed eaters. Even so, at the lowest G value (5%) and the highest
P value (95%) shown in Figure 10, KS need only be approximately 20
to insure year to year replacement. A KS of 20 is relatively

conservative for most annuals (weeds in particular) and could be

5This insensitivity to seed predators has been "built in" to
the model, since a value of G = 30% implies that the seed predators
cannot eat more than 70% of the seeds in any one year. A P = 95%
with G = 30% says that the seed predators eat 95% of the seeds
remaining after germination, i.e., they in fact eat (.7)(.95) = .665
(66.5%) of the initial total seed.
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attained in a variety of ways:

K = 100% survival, S = 20 seeds/plant

K= 50% " ,S=40 .
K= 104 " ,s=20 "
K= 1% " ,s=2000 "

Salisbury (1942) has recorded values of over 10,000 seeds per
plant for some common English weeds. Desert annuals typically have

K values near 50% (Beatley, 1967).

Figure 11. The equilibrium values of G as a function of P and
KS are shown in Figure 11. Here we see that G can be quite small
(less than 10%) over most of the range of P (0-1) and KS (1-19).
It is only for small KS values (near 1.0) that G approaches 100%.
Even with a KS of only 2.0 and a P of 95%, the plant need only
germinate 40-50% each year for the population to persist. (Of course,
the plant must be able to attain a given KS and G every year in this .
simple model. In nature it is the bad years that threaten the

population's existence.)

Figure 12. In this figure, P is shown as a function of G (0-1)
and KS (1-19). Those portions of the P surface that go above 1.0
have been blanked out, since they imply a seed eating rate (after
germination losses) of more than 100% per year. It is amply clear
that only restricted combinations of G and KS are such that the
population can be controlled by the seed predators. In most of the

figure (the blank upper-right portion) the plant population is an
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expanding one, assuming that P is the only controlling factor.
Obviously, rainfall and density-dependent effects (to name only two
other factors) are important in determining the population size of

annuals in nature.

Model 2: Distinguishable seed cohorts in a constant environment

Careful readling of the literature on desert annuals had made
it clear that I would have to consider seed cohorts if the model
was to be at all realistic. Seed dormancy is a well established
phenomenon in many species. Also, some seeds become "unavailable"
to many predators through processes that bring about seed burial.
These two factors imply that the population dynamics of these species
would be quite sensitive to changes in the age structure of the
seed reserves in the soil.

The simple model originally proposed in Figure 9 (p. 32) was
therefore expanded to include seed cohorts. The following assumptions
are made about the population dynamics of the species: —

(1) The year begins immediately after seed set and ends as the
annuals reach maturity and set seed again.

(2) Germination and growth occurs throughout the year, but seed
set occurs synchronously at year's end.

(3) The age distribution.of the seed cohorts in the soil and the
plants that arise from them can be diagrammed as shown in Figure 13
on the next page, where

a) the subscripts denote the seed cohort age in years,
b) Ni = the seed density (seeds per square meter) of the ith

cohort,
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Figure 13. Diagram of Model 2.
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c) Gi the fraction of the ith cohort that germinates in

a given year (0 < Gi <1),

d) Ky

plants arising from a given seed cohort (0 < Ki <1),

plant survival from germination to seed set for

e) Si = seed production (seeds per plant) at maturity for
plants arising from a given seed cohort (Si > 0), and

f) Pi = the fraction of the ith cohort (after germination
losses) that are eaten (or otherwise lost to the system) per year
(0 < Pi <1).

For any particular year the seed crop is given by:

o]
Seed Crop = Z N;6;K;S; (eq. 10)
i=0
(Note: It has been explicitly shown here that the Gi’ Ki’ Si’ and Pi
are functions of seed age. They may also be functions of plant
density, rainfall, etc. This is dealt with in Model 3.)
Equation 10 is not particularly informative, especially with
regard to whether the population is stable, increasing, or decreasing.
In the case of a stable population (thus implying a stable environment),

the Ni are all constant from year to year and are given by:

N0 = the yearly seed crop
N] = No(l-Go)(l-Po)
N2 = N](I-G])(l-P]) = No(l-Go)(l-G])(1-P0)(1-P])

or in general for i > 0,

i-1
N; = Ny l ! (I-Gj)(l-Pj) (eq. 11)
J=
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But since N0 = the seed crop, equations 10 and 11 may be combined

(writing out the first term of the sum explicitly) to give:

2] i-1
Ng = NOGOKOSO + Z GiKiSi I l ('I—Gj)('l-Pj) (eq. 12)
i=1 j=0

Dividing through by N0 and exchanging sides gives the condition of

stability for a population with distinguishable seed cohorts:6

% i-1
6oKoSp * Z 6;K,S; ’| | (1-6;) (1-P;) (eq. 13)
i=1 j=0

For a given set of functions G, K, S, and P, the left side of
equation 13 would show whether the population is stable (the left side
equals 1), increasing (the left side greater than 1), or decreasing
(the left side less than 1).

At this point it became obvious that I would have to write a
computer program to deal with equation 13. My goals were (1) to
investigate how different functions for G, K, S, and P affected the
stable age distribution and (2) to determine if these functions
described populations that were stable, expanding, or dec]ining.7

Example output from two runs of this program (called STRATEGY2)

are described on the next few pages.

6Distinguishab]e by differences in the degree of dormancy and
the rate at which they are eaten by seed predators. It is assumed
that seed age is a sufficient measure of these differences.

7A stable age distribution means that the proportion of the
total population in each age class is constant through time. A stable
opulation means that the size of the total population is constant
through time. One can have a stable age distribution in either an
increasing or a decreasing population. In the present example, all that
is required is that G, K, S, and P are not functions of time.
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Figures 14-17 show the functions used for G, K, S, and P for the
first example. In fact, these functions are actually constants and
effectively reduce this model to the "indistinguishable cohort" model
described above. The set of values has been chosed so as to satisfy
equation 4 on page 33 (the condition of equilibrium for Model 1).

G is 1.0%, K is 50%, S 1§ 42 seeds per plant, and P is 20%. The seed
age distribution is shown in histogram form in Figure 18 and in tabular
form in Table 1. Also in Table 1 is the expected density of seedlings,
mature plants, and seed produced from each seed cohort over one growing
season. Equation 4 is validated in this example, since the total

seeds produced (10,000 seeds per square meter) equals the seed density
in the zeroth cohort (10,000 seeds per square meter). The zeroth
cohort represents the previous year's seed crop.

Figures 19-22 show a case where G and P are functions of seed age,

8 Table 2 and Figure 23 show a very

but K and S are still constant.
different age structure than the previous example. It turns out thét
the percent of the total seed population in the youngest age group

is approximately the same numerically as the total seed "mortality"
in the first year, i.e., the combined losses of a given year's

seed crop through germination and predation. Table 2 shows that this

population is definitely expanding (by a factor of 4.5 per year),

with the largest proportion of the seed production coming from the

8There is no compelling reason to assume that the growth charac-
teristics, K and S, are dependent upon the age of the seed from which
the plant germinates. One might possibly want to give lower K and S
values to seeds in the youngest age group because they may still be
lying in exposed positions that are not favorable for good seedling
establishment and subsequent growth.
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Table 1. Output from STRATEGY2, first example.

SEED AGE  SEED s EATEN S GERMINABRLE % PLANT SEEUS PER  REPRODUCTIVE SEEDLINGS  MATURE SEELS
(YEARS) VENSITY PER YEAR  PER YEAR SURVIVAL  PLANT PUTENTIAL PLANTS  PRUDUCED
o 10000 20¢0 1.0 $0.0 42,0 0,21 100.0 $0.0 210060
1 7920 20.0 1.0 50.0 4240 0.21 79.2 39.6 16632
? 6al? 200 1.0 5040 42.0 0.21 6247 kIR ) 131743
3 4967 2000 100 50,0 420 0.21 9.7 2440 1nad.s
[} 393 2040 1.0 30,0 42,0 0.23 39.3 197
S 16 2000 10 30.0 42,0 0.21 3142 1506
L 2464 2040 1.0 50.0 42,0 0.2) 2407 123
14 1954 2060 140 5000 4240 0.21 19,5 9.8
a 1548 2040 140 $0.0 42,0 0s21 15.5 7.7
9 1226 2000 140 50.0 42.0 0.21 12.3 61
10 L 14] 20.0 1.0 90.0 42:0 0.21 97 49
11 T69 20.0 1.0 50.0 42,0 0.21 Te? 3.8
12 . 609 2000 140 5000 42,0 0e21 6l 3.0
13 $ 402 2040 1.0 $0.0 4240 0.21 4.8 204
1s 382 2040 1.0 $0.0 4240 0.21 3.8 1.9
1 309 2040 10 5040 4240 Q.21 3.0 135
16 239 2040 10 50.0 4240 0021 248 142
134 100 2040 1.0 5040 42,0 0.21 1.9 0.9
1] 150 2040 10 5040 2.0 0.21 1.5 0.8 310
19 ecelddl 2040 140 5040 4260 0.21 ecseded eccled  ceeadSed
47623 . 47602 10n000eY
eeee SEED PRODUCTION RATIN IS 10000 eeee
PERCENT OF TOTAL SEED IN EACH SEED COMORT
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Figure 18. Distribution of seed age
from STRATEGYZ2, first example.
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Table 2. Output from STRATEGY2, second example.

SEED AGE SEED § EATEN % GERMINABLE £ PLANT SEEDS PER REPRODUCTIVE SEEDLINGS MATURE SEENS
CYEARS) DENSITY PER YEAR PER YEAR SURVIVAL PLANT PUTENTIAL PLANTS PRUNUCED
0 10000 90.0 10 5040 15040 0.75 10040 50.0 750040
1 990 50.0 5.0 90.0 15040 3475 4945 2048 371245
? a70 3000 9040 5040 150.0 67.50 423.2 21146 3174149
3 23 30.0 90.0 50.0 150.0 67.50 2142 10¢6 158741
L] sscesd 50.0 90.0 $0.0 15040 67.50 eccsded eceled cccalles
11480 $94.9 2975 4862040

ooee SEED PRODUCTION RATIO IS 40462 eeee

PERCENT OF TOTAL SEED IN EACH SEED COMORT

AMOPETMOIMY

70

COMORT

] [}
] [}
] [}
] '
187.1 [}
lacee [}
| | |
| ' (]
] [} ]
| ] ]
] [} |
] ] ]
] L} [}
[} | [}
| [} ]
[} [} [}
| [} [}
| ] [}
] ] '
] | [}
! [} |
[} ! !
[} | '
] | [}
[} [} ]
! | |
[} [} [}
' [} (]
| | |
] | |
] ] '
| ] |
) [} ]
[} (] [}
! ] |
] I 8.6 [}
} lecea L}
] [} 1 4.1 |
] | lacee 042 0,0

] ' [} ecee ccee cese ccce sece enece aseel

[ 1 2 3 ) ] 6 7 ] L]

Figure 23. Distfibution of seed age

from STRATEGY2, second example.




germination of 2-year-old seeds. It is clear that different curves
of G and P can cause drastic differences in the age structure of the
seed reserves in the soil and, hence, on the population dynamics of
the species.

One of my stated objectives for STRATEGY2 was to determine whether
a given combination of functions for G, K, S, and P described an
expanding or declining population. After a few runs of this mode]
I discovered that the rate of increase (or decrease) of the population
was sensitive to the age structure of its seed reserves.9 In a
rapidly expanding or declining population, the age structure as
computed with equation 11 (p. 41) could be very much tn error. In
an expanding population, the equation underestimates the younger
cohorts in relation to the older cohorts. The reverse is true for
a declining population. STRATEGY2 would then overestimate the rate
of growth in an expanding population and underestimate it in a
declining population. Concerned about this difficulty, I consulted
the animal ecology literature dealing with dynamic 1ife tables on a
finite time interval. It turns out that Leslie (1945, 1948) developed
a matrix method for this type of problem that is quite elegant.
However, this technique cannot be solved analytically for populations
with more than four cohorts -- numerical methods are required for
solving an nth order algebraic equation, where n is the number of
cohorts. In this case with seed cohorts, I would certainly want to

keep track of more than four cohorts.

9The analogous situation in animal populations (humans, in particular)
is quite well known.
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But Leslie also proved that, if the demographic parameters
are‘not changing with time, any population will eventually reach a
stable age distribution and then maintain it, even though it may
be an expanding or declining population. Thus the answer for my
problem was to take several iterations. (i.e., run the population
through several generations with a given set of G, K, S, and P
functions) to determine the stable age distribution. With this
distribution STRATEGY2 could then accurately calculate the rate
at which the population was increasing or decreasing. I added an
iteration loop in STRATEGY2 and found that the age distribution
did indeed reach a stable form within 5-10 generations, depending
on the number of cohorts involved. I also found that the difference
between the initial age distribution (equation 11) and the one
obtained after several iterations was not as great as I had
anticipated. However, the true growth rate was very much smaller
(in an expanding population) then the initial calculation indicated.
Conversely, the growth rate in a declining population was not as
low as the initial calculation indicated.

In retrospect, it seems that my concern about the accuracy of
the construction of the stable age distribution was a needless
worry. When I began work on Model 3 with a randomly varying
environment, the concept of a stable age distribution proved to be
a bit ridiculous. Since seed production varied tremendously from
year to year, the age structure was dominated by the recent rainfall
history during the run. However, I could use the approximate form
of the age distribution as the initial condition for a given run in

Model 3.
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Model 3: Distinquishable seed cohorts in a randomly varying environment

Figure 24 displays the structure of Model 3. The symbols labeled
S, K, and GR represent "valves" controlling the amount of flow from
one plant stage to the next. The arrows entering the right sides
of these valves indicate what variables determine the degree to which
the valves are open or closed.

Since I intended to test the model with data on desert annuals,
rainfall is the only environmental variable that is considered in the

10 In deserts the germinating rainfall can be as

present version.
little as 10% or as much as 90% of the total rainfall over the
growing season. Both the total rainfall and the germinating rainfall
are treated as random variables in Model 3. The distributions used
for these two random variables are determined from historical records
for the site in question.

Only the parameters P and G are still assumed to be functions
of seed age. The value of K (% survival from seedling to mature
plant) is now assumed to be a function of (1) the total rainfall
over the growing season and (2) the density of seedlings following
a 2-3 week germination period at the beginning of the growing
season. The value of S (number of seeds per mature plant) is

assumed to be a function of (1) the total rainfall over the growing

season and (2) the density of mature plants at the end of the

]OA possible later addition would be a growing season of varying
length.
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growing season.]]

‘The number of seeds that germinate in a given year {s now
determined by (1) the pattern of seed dormancy (eXpressed by § as
a function of seed age) and (2) the amount of the total rainfall
that comes in the time of the year suitable for germination. The
effect of the germinating rainfall on seed germination has been
shown in Figure 24 as the valve labeled GR.

The best way to describe Model 3 is to outline the sequence
of steps that the computer program, STRATEGY3, carries out in one
complete run. The first step is the reading in of all the data
required by the program and the calculation of the initial conditions.
During any one year (actually, one growing season) of the simulation,
the sequence of steps that occur can be labeled as (1) stochastic
generation of total rainfall over the growing season and the fraction
that comes as germinating rainfall, (2) the determination of the
total density of seeds that are potentially germinable, (3) the
determination of how many of these potentially germinable seeds
respohd to the germinating rainfall in that year and produce
seedlings, (4) the calculation of the density of seedlings that
survive to maturity as determined by the total rainfall over the
growing season and the density of seedlings, (5) the caitulation

-of the seed crop as determined by the total rainfall over the growing

1]The growing season and the period of germination are defined
externally to the model. The rainfall data (read into the program
at run time) are analyzed according to the typical growing season
for the annual plant whose population dynamics is being simulated.
See Appendix 2.
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season and the density of mature plants, (6) the reduction of each
seed cohort by losses due to germination and predation, and (7) the
advancing of all seed cohorts in age by one year and placing the
seed crop into the zeroth cohort at year's end. Each subsequent year
is then just a repeat of steps 1-7.
The example set of functions next described are called the
base run. They incorporate the "best guesses" that I could make
for them, using all of the available data for winter annuals.-
Since most of this data is from Beatley's work at the Nevada Test
Site, the rainfall data used is that from the US Weather Bureau at
Las Vegas.]2
Beatley's data are for winter annuals as a group. The implicit

assumption that has been made with all three models is that they

each describe a single species. However, it is well known that the

bulk of the production of annuals on a given desert site is usually
supplied by just one or two dominant species. The output of STRATEGY3
will be compared with this group data as if the model were describing
the mean plant responses for these dominant species.

Initial conditions. Apart from supplying STRATEGY3 with the

number of years to run, the rainfall distributions, and the functions
describing the plant's responses, the only initial condition required
at the beginning of a simulation run is the densities of seeds in

each age class. As mentioned in the discussion of Model 2, the initial
age structure is calculated in STRATEGY3 with the use of equation 11

on page 41, using the values read in at run time for the functions

]ZLas Vegas is at a lower elevation than most of the Nevada
Test Site and, hence, its mean rainfall is somewhat lower as well.
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G, P, and NO’ the initial seed crop. For the base run, N0 is set
equal to 2000 seeds per square meter -- a value that is consistent
with the range of seed production for the Nevada Test Site (see
below, page 62). The initial age distribution for the total seed
density used in the base run {s shown in Figure 25.

Stochastic rainfall generator. STRATEGY3 assumes that the

distribution of total rainfall over the growing season has been
classified into six rainfall classes. The corresponding mean
rainfall amounts for these classes and their probabilities of
occurance are read in as data. A random number is then used to
decide what the total rainfall is for a given growing season.
Table 3 shows the base run data for Las Vegas. The cummulative

probabilities for each rainfall class k are given by:
k
cummulative probability (k) = Z(rainfa]] probability for cl’ass i)
i=1 \ .

The random numbers are drawn from a uniform distribution on
the interval (0,1)..I3 Assume that a particular random number turns
out to be 0.632. Looking at the last column in Table 3, we see that
this is larger than the cummulative probability for class 1, but
less than that for class 2. This implies that the predicted rainfall
amount falls somewhere within the range of class 2. STRATEGY3
then sets the total rainfall amount equal to 75 mm, the mid-point
of class 2. If the random number had been 0.013, the total rainfall
would be 25 mm. If it had been 0.984, the total rainfall would be

175 mm.

]3If desired, a given sequence of random numbers can be repeated
from run to run. This allows one to assess the effects of changes in
plant parameters on the output of the model while keeping the sequence
of rainfall years the same.
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Table 3. Distribution of the total rainfall over the growing
season for Las Vegas

Class Total Rainfall Interval Probability Cummulative
Interval (mm) Mid-point (mm) of Occurance Probability

0

1 - 50 25 .475 .475
2 50 - 100 75 .350 .825
3 100 - 150 125 .150 975
4 150 - 200 175 .025 1.000
5 200 - 250 225 .000 1.000
6 250 -

300 275 .000 1.000

Table 4. Distribution of the ratio (germinating rainfall/
total rainfall) for years with total rainfall in
rainfall class 2, for Las Vegas

Ratio Interval Historical "Smoothed" Cummulative
Interval Mid-point Probability Probability Probability

0-.1 .05 ~ .000 .000 .000
o] = o2 19 .143 .167 .167
2 = <3 .25 .07 .167 .334
3-.4 .35 214 .167 .501
4 - .5 .45 .285 .167 .668
.5 - .6 55 .000 .167 .835
6 = .7 .65 .285 .167 1.000
.7 - .8 .75 .000 .000 1.000
8= .9 .85 .000 .000 1.000
.9 -1.0 .95 .000 .000 1.000
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Once the total rainfall has been determined, the amount that
comes as germinating rainfall must be calculated. I had originally
hoped to use a regression equation relating germinating rainfall
to total rainfall. Figure 26 shows the set of historical data
points for Las Vegas. It is clear that a regression equation
would not be suitable (these data have rz = 0.35). However, the
correlation is too high to allow the germinating rainfall to be
completely independent of the total rainfall.

I then looked at the distribution of the ratio of (germinating
rainfall)/(total rainfall) within each of the six classes of total
rainfall. Table 4 shows the distribution of this ratio for Las Vegas
for years when the total rainfall fell within class 2 (50-100 mm).
Since the number of original data points is small, I decided to
"smooth" the historical probabilities by allocating equal probabilities
to the set of ratio intervals bounded by the historical data.

Similar sets of ratio probabilities were calculated for the other
five classes of total rainfall years and are shown in Appendix 2.

Carrying through on our example where the total rainfall was
determined to be 75 mm (class 2), a second random number is then
chosen to compare with the appropriate set of cummulative probabilities
listed in Table 4. Assuming this second random number is 0.532,
then the corresponding ratio would be .45, the mid-point of the ratio
interval 0.4-0.5. Since the total rainfall is 75 mm, the germinating
rainfall is the product: (.45)(75 mm) = 34 mm.

Seedlings. STRATEGY3 keeps track of the seed densities of 20

cohorts -- last year's seed crop (age = 0 at the beginning of the year),
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plus seeds from 1-19 years of age. As in Model 2, the dormancy
pattern for the seeds is contained in the function G. The base run
form of G is shown in Figure 27. I have assumed that the seeds
are quite dormant the first year (age class 0), with the percent
germinable slowly rising to 30% for seeds that are eight years old
or older.

The total density of potentially germinable seeds is found
by calculating the density of germinable seeds in each age class
and then summing these values. In a given year, not all of the
potentially germinable seeds may germinate. The amount of germinating
rainfall will in fact determine what fraction germinates. In

STRATEGY3 the factor called germination response (the valve labeled

GR in Figure 24) is a function that ranges between 0-1, depending
on the magnitude of the germinating rainfall. Figure 28 displays
the base run form for GR. It is in agreement with the field
~ observations that usua]]& one inch of rain (25 mm) is required to
get maximum germination response and that rains of less than 0.5 inch
are totally ineffective.

The density of seedlings is given by the product of the total
density of germinable seeds and the value of GR corresponding to
the germinating rainfall in the current year.

Mature plants. The probability of survival (K) from seedling

to maturity is now a function of two variables: total rainfall and
seedling density. The base run form of K is shown as families of
curves in Figures 29 and 30. The values have been chosen such that

the curve labeled 100 (seedlings per square meter) is in approximate
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agreement with the data of Beatley (1967) shown in Figure 1, page 17.
The shapes of the curves for the other densities are just guesses
at the moment.

STRATEGY3 reduces the seedling population by the appropriate
value of K as determined by the current year's values for total
rainfall and seedling densit,y.]4

Seed crop. The number of seeds per plant (S) at maturity is
now a function of the total rainfall and of the density of mature
plants. The base run form of S is shown in Figures 31 and 32.

These curves are almost complete speculation at this point. From
Tevis (1958c) one can calculate a range of values for S of 350-2000
seeds per plant for the species of annuals on his watered plots near
Indio, California. These values are certainly too high for plants
growing without supplemental water. A rough measure of S for

annuals on the Nevada Test Site may be made with information from
four sources: Baker (1972), Harper et al (1970), and Beatley (1967, —
1969b). Baker has found that the mean seed weight for semi-arid
annuals in California is about 0.001 gram. Harper et al report

that most "weedy" species have 15-30% of their total biomass as seed
at maturity. From Beatley's two papers we find that a density of

70 plants per square meter has a total biomass of 100 kgm per hectare.

This would give a total seed biomass of 1.5-3.0 grams per square

]4STRATEGY3 calculates K by linear interpolation along one of
the rainfall curves in Figure 29. If the total rainfall was not
restricted to a finite number of values, interpolation on a surface
would have been required. This consideration is one of the reasons
I decided to limit the total rainfall to a few discrete possibilities.



63

150 ¢6—6
]
[
() ) S 6
| 2,
] &
100 |
' [} S 6 '
ll\\\ éhs
|
|
12 3 [} 5 6
50 | Ls
|
|
| 335 ] 5
|
| \ \3
| 75
25 2 2* §
0 ¢} 1 1 3
Conescnconconssasaccncecscscasccancsnannan?
0 100 200 400 800
SEEDS PER PLANT (Y=AXIS) VS
MATURE PLANT DENSITY IN #/SQ METER (X=AXIS)
FOR DIFFERENT TOTAL RAINFALL AMOUNTS IN MM
Figure 31.
150 o e T 1
|
; //
| 2 3
|
|
100 |
| 2 3 4
b
|
|
| 1 2 3 [ S
0
s y s
)
| 2 3 § s
|
: 4 /5/
0 ¢ 545—5/
’.-......-.-.......-..---....-..--.-.‘.’
25 78 128 175 225 275

SEEDS PER PLANT (Y=AXIS) VS
RAINFALL (MM) OVER GROWING SEASON (X=AXIS)
FOR DIFFERENT MATURE PLANT DENSITIES (#/5Q METER)

Figure 32.



64

meter. The number of seeds per plant is then in the range of 20-40.

I have assumed that the species that is represented by the curves
in Figures 31 and 32 has a genetic maximum of 150 seeds per p]ant.]5
This is a quite conservative figure. The maximum is only reached
at low plant densities and high rainfall. The seed crop is given
by the product of the density of mature plants and the appropriate
value of S as determined by the current year's total rainfall and

the mature plant density.

Seed losses. Seeds are lost from a given cohort each year

either by germination or predation. After the year's germination
calculations have been completed, the seed density in each seed
cohort is reduced by the density of seedlings that arose from each
of them. As in Model 2, the rate at which seed predators consume a
given seed age is given by the function P. The base run values for
P are shown in Figure 33. The shape of this curve has been inferred
from information from several sources. Chew and Chew (1970) |
found that small mammals were eating about 85% of the seed crop on

a Sonoran desert site. The base run curve specifies that 90% of

the seed crop (after germination losses) will be eaten or otherwise
lost to the system in one year's time. Balda et al (1972) found
that the total loss of seed (predation plus germination) was
approximately 95% per year. This would be consistent with the above

predation curve and with total germination rates of the order of

]5Previous experience with STRATEGY2 had shown that, with
reasonable choices for the other functions in the model (e.g., seed
predation rate), a positive growth rate could be achieved with S values
in the range of 40-100.
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10-20% per year.

The low seed-eating rate for older seeds is justified on the
basis of two pieces of evidence: (1) the existence of large seed
reserves in the soil at depths of several centimeters and (2) the
existence of certain rare species of desert annuals that only
appear at intervals of several years. Neither of these two conditions
could persist in the face of continued heavy losses from the older
seed cohorts.

Advance the seed cohorts. At the end of each year of simulation,

the remaining seeds in each cohort are advanced into the next older
age class. The seed crop is placed in the youngest cohort (age = 0).
Any seeds Sti]] present that are 19 years old are totally "lost" at
this point. It is assumed that such cases will be rare and that the
seed densities involved are quite negligible. If the model is to

be applied to situations where 20 year old seeds are a common
occurance, one need only increase the number of cohorts in the
computer program.

Base run output. The output of the base run is shown in the

next set of figures and tables. Figure 34 displays the name of the
site and the distribution of the total rainfall over the growing
season for that site. Figures 35-38 show "snapshots" of the seed
age distribution at years 2, 4, 8, and 20 (the initial distribution
is shown in Figure 25 on page 55). They amply demonstrate how the
recent rainfall history affects the relative abundance of different
age seeds. Year 20 is in the middle of a string of very low rainfall

years.
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Table 5 shows the tabulated output for this base run. The
column labeled 'GERM FACTOR' is the value of GR. The plant and
seed variables are all in units of numbers per square meter. The
first five seed cohorts are shown, as well as the seed crop and
the total seed density (sum of all cohorts).

Table 6 displays some simple statistical analyses that were
done on some of the major variables at the end of the run. This
table is a valuable aid in comparing the relative performances of
two or more runs that use the same sequence of rainfall years,
but have one or more plant functions that are different. The means
and standard deviations of the total rainfall and the germinating
rainfall indicate how severe and/or variable the physical environment
is. The remaining means and standard deviations show how well the
plant has adapted to these conditions. In general, higher means
and lower standard deviations are the mark of the better adapted
plants.

Comparison of base run output with field data. Examination of

Table 6 shows that the mean values for the plant and seed variables
agree pretty well with the field data. Average plant survival is
about 30%. The mean seed crop is in the range calculated on page 62.
The mean total seed is a believable figure, considering that field
observations have ranged between 500 and 20,000 seeds per square

meter.16

]6A1though most of these data on seed reserves undoubtedly
reflect the total of both summer and winter annuals, most of the
sites in question have the bulk of their yearly production as
winter annuals.



Table 5. Output of the 80-year base run, STRATEGY3.

_ /3

eee INITIAL SEED DENSITY IS 2827 PER SQUARE METER wee

YEAR TOTAL GERM GERM s SEEDS SEEDLINGS MATURE SEED SEEDY SEED2 SEED3 SEED& SEEDS TOTAL
RAIN RAIN FACTOR GERMINABLE PLANTS  CROP SEED

1 14 ] 33 140 5.86 165 61 2504 196 167 138 103 74 3331
2 125 31 1.0 5,28 175 104 60084 248 167 135 103 74 6961
3 25 21 046 3.59 156 0 0 600 213 141 110 81 1317
8 75 11 040 12414 0 0 0 0 540 192 127 99 1185
5 75 26 140 16432 193 60 2483 0 0 438 147 91 3376
6 125 43 140 6468 225 106 6098 243 0 0 335 106 6987
7 125 18 0.4 4,03 105 92 S748 603 214 0 0 278 7099
8 75 a1 1.0 8422 299 74 2rr2 563 S17 174 0 0 4385
9 75 33 1.0 S.88 257 69 2725 27 483 419 133 0 4266
10 75 33 1.0 6440 273 71 2734 267 232 390 320 95  a191
11 78 33 1.0 6470 280 72 2770 267 220 188 298 230 4145
12 125 31 1.0 6467 276 117 6325 271 229 184 143 214 7635
13 125 3 1.0 4,43 338 122 6485 619 232 185 141 103 8093
14 25 23 049 4,33 306 0 0 637 533 190 145 105 1910
15 25 23 0.9 13,07 218 0 0 0 548 438 149 107 1522
16 128 18 0.4 16463 94 8s 5499 0 0 475 arz 124 6784
17 25 21 046 5,48 232 0 0 Sa3 0 0 E1.Y4 293 1551
18 25 21 0¢6 16492 164 0 0 0 473 0 0 308 1248
19 75 11 060 19,53 0 0 0 0 0 426 0 0 1123
20 2% 16 0.1 22463 31 0 0 0 (] ()} are 0 981
21 75 11 040 25,56 0 0 0 0 ()} 0 0 338 882
22 75 a8 140 27412 239 67 2617 0 0 0 0 0 3194
23 125 a1 140 6469 213 103 6027 256 0 0 0 0 6658
24 125 18 0e4 3463 90 82 $357 898 226 0 0 0 6482
25 75 33 1.0 3.85 249 60 2680 %23 S14 183 0 0 4088
26 25 23 0e9 5426 188 0 0 263 451 420 143 0 1401
27 125 18 0s8 13,34 70 6S 4564 0 232 391 356 119 8760
28 25 21 046 5,21 187 0 0 450 0 196 319 280 1408
29 78 al 140 15.82 222 64 2572 0 38s 0 150 229 3638
30 75 48 1.0 6489 250 60 2684 252 0 312 0 108 3ris
31 75 18 (1Y) 629 a7 a8 2167 266 222 0 265 0 3299
32 25 16 0ot 7.20 29 0 0 216 238 197 0 232 1210
33 25 18 O0ed = 17.54 79 0 0 0 190 206 168 0 1013
34 25 23 0,9 20458 ~ 182 () 0 0 0 156 161 124 748
as 75 18 0.4 23400 64 'Y 1946 0 0 0 133 134 2361
36 125 31 1.0 7461 194 101 5982 190 ()} 0 ()} 9% 6584
a7 125 18 0s8 3,63 Y89 81 5301 593 168 0 0 0 6396
38 178 61 1.0 3.85 206 . 198 11936 519 507 138 0 0 13313
39 75 18 0.8 3,00 149 59 2518 1104 §59 439 115 0 48389

40 25 16 041 6,06 r 0 0 251 1059 407 388 101 2357

0L



Table 5. continued

YEAR TNTAL GERM GERM % SEEDS SEEDLINGS MATURE SEED SEED! SEED2 SEED3 SEEDA SEEDS TOTAL
RAIN RAIN FACTOR GERMINABLE PLANTS CROP SEED
41 75 26 140 13.78 324 rr 2778 0 214 858 3l 279 4608
42 25 13 040 8.18 0 0 0 277 0 193 772 280 1922
43 25 16 O0el 19.03 45 0 0 0 248 0 170 677 1695
as 125 31 140 21497 _ 370 122 6470 0 0 201 0 122 7651
45 75 33 1.0 5.4 416 81 2854 634 0 0 153 0 4291
46 25 8 060 T.04 0 0 0 285 570 0 0 138 1578
a7 14 18 Oe4d R Y EY Y4 103 50 2243 0 232 494 0 0 3568
48 25 16 0.1 8.74 36 0 0 223 0 224 436 0 1385
49 125 43 140 20,21 279 117 6350 0 191 0 171 31 7343
50 25 13 060 471 0 0 0 635 0 172 0 154 1526
51 75 Al 1.0 16422 247 68 2667 0 542 0 131 0 K1 3Y )
52 25 16 Ol 6.98 33 0 0 266 0 482 0 115 1276
53 75 11 060 18426 0 0 0 0 239 0 434 0 1148
54 125 43 140 21.60 248 112 6279 0 0 193 0 312 7089
55 25 8 040 4,44 0 0 0 (Y14 0 0 174 0 1355
56 25 11 0.0 16409 0 ¢ 0 0 565 0 0 157 1211
57 25 18 0.4 19.18 a7 0 0 0 0 89 0 0 1004
56 25 21 046 22405 138 0 0 0 0 0 399 0 763
59 TS 33 140 28,45 186 60 2500 0 0 0 0 287 3016
60 14 26 1.0 6,08 183 61 2505 245 0 [ 0 0 3095
61 25 16 0ot 5.03 58 0 0 240 216 0 0 0 740
62 25 11 0.0 15.22 0 0 0 0 223 194 0 0 666
63 75 Al 160 18491 126 56 2427 0 0 181 148 0 2914
64 25 8 0.0 S5e23 0 0 0 242 0 0 163 134 673
65 125 18 Y ) 17.07 43 41 arr 0 214 0 0 135 7al
66 25 8 0.0 4,66 0 0 0 317 0 192 0 0 825
67 T5 18 0.4 15.83 49 34 1690 0 280 0 163 0 2386
68 25 16 Ol 7T.02 20 0 0 168 0 249 0 143 779
69 125 43 1.0 18.41 143 104 6043 0 144 0 190 0 6608
1) 125 31 140 3.59 237 109 6260 592 0 116 0 137 7256
71 25 21 0e6 3.40 153 0 0 618 - 516 0 95 0 1443
72 25 8 060 11.12 0 0 0 0 556 464 0 85 1299
T3 25 13 040 15439 0 0 0 0o 0 500 418 0 1169
Ta 75 18 0.4 19,67 86 47 2154 0 0 0 425 348 3121
14 25 18 0.8 8,43 98 0 0 213 0 0 0 3se 1010
76 125 43 1.0 204,66 208 102 6048 0 182 0 0 0 6769
r7 25 8 000 4,19 0 0 0 604 0 164 0 0 1253
78 75 26 140 1553 . 194 . 60 2479 0 517 0 125 0 34832
79 75 33 10 6440 219 63 2548 242 0 418 0 90 3494
80 75 33 1.0 5.85 204 60 2494 249 207 0 320 0 3458

V4



Table 6. Statistical summary of the base run.

72

RAINFALL LOCATION! LAS VEGAS
NUMBER OF YEARS OF SIMULATION?

TOTAL RAIN (MM)
GERMINATING RAIN (MM)

% SEEDS GERMINABLE
SEEDLINGS (#/5Q METER)
MATURE PLANTS (#/SQ METER)
SEED CROP (#/SQ@ METER)
TOTAL SEED (#/5Q METER)

80

MEAN

67
24

- 140

44
2232
3376

STD DEVIATION

40
11

6
108
a5
2554
2519
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Consulting Table 5, we see that the density of mature plants
for a given total rainfall year are in qualitative agreement with
Beatley's data in Figure 4 on page 19. Years with a total rainfall
of 75 mm have mature plant densities that range between 0-80, with
a mean of 53. Years with a total rainfall of 125 mm have mature
plant densities between 40-125, with a mean of 98. The single year
with a total rainfall of 175 mm has a mature plant density of 198.

The effect of the germination response function on the density
of seedlings produced in a given year can be readily detected in
two types of years: (1) 25 mm years when most of the total comes as
germinating rainfall and (2) 75 mm years when a small fraction of
the total comes as germinating rainfall. In the first type of
year (see years 14, 15, and 20) the plant is "fooled" into germinating
a large density of seedlings, none of which will mature in this dry
of a year. In the second type of year (see years 4 and 19) the plant
"misses an opportunity" by not germinating any seeds in what turns \
| out to be an average rainfall year. This is probably the best that
the plant can do because of the unreliability of the germinating
rainfall as a trigger in deserts. The relationship between germinating
rainfall and total rainfall for Las Vegas is such that the type 1
condition will occur about 22% of the time and the type 2 condition
will occur about 6% of the time. Investigations of forms for the
germination response function that describe more "opportunistic"

or more "cautious" plants will be discussesd in the next section.
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RESULTS

The set of base run functions describes the population dynamics
of winter annuals as a group quite well. The next question that
arises is: What degree of latitude is there in variations in these
functions that still describe species which can persist in a given
desert environment? The broader theoretical question is: In a
given environment (rainfall and seed predators), is there an optimal
set of plant response functions?

The results of a number of 80-year simulations with various
combinations of plant response functions and environments are
presented in this section. Runs that looked as if the plant were
going extinct were re-run for a longer period to determine the year
of extinction. These runs constitute a sensitivity analysis of the

system that Model 3 represents.

Variations in seed dormancy

Table 7 displays how different forms for the seed dormancy
function (G) affect the 80-year mean values for the plant variables
when all of the other functions in the model have been kept at
their base run form. The values given in the table for the shape
of the seed dormancy curve are the fraction germinable at seed ages

17

0, 1, 2, 4, and 8, respectively. When the fraction germinable is

]7There are three variables in the model that deal with
germination: the function G (% germinable), germinating rainfall,
and GR (germination response). Through a variety of reasons, I
decided at this point to refer to G as the dormancy curve, even
though the values for the curve are the fraction germinable, rather
than the fraction dormant.



Table 7. Effects of variations in the dormancy curve on 80-year runs of STRATEGY3.

Dormancy Percent Seedling Mature Plant Seed Crop Total Seed
Curve Germinable Density Density Density Density
.02,.05,.10,.20,.30(BASE) 11 140 44 2233 3378
.05,.10,.20,.30,.40 16 211 50 2372 3370
.02,.05,.10,.20,.40 12 148 45 2254 3360
.01,.01,.01,.20,.40 10 119 40 2138 3267
.00/.10 ' 6 65 31 1777 2897
.00/.20 1 116 40 2121 3138
.00/.30 16 147 44 2223 3083
.00/.40 21 164 45 2243 2972
.01/.10 6 81 35 1959 3179
.02/.10 6 98 38 2073 3353
.04/.10 7 126 41 2148 3459
.10/.10 10 208 46 2233 3539
.20/.10 14 336 56 2226 3444
.40/.10 22 536 % , 2018 2972
.01/.01 extinction in 71 years ,

.02/.02 extinction in 195 years

.05/.05 5 97 35 1892 3255
.20/.50 35 451 66 2416 3004
.50/.90 69 766 103 2183 2452

*These were run with STRATEGY3 keeping track of 50 cohorts

SL
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the same for all ages greater than 0, this is shown in the table in
abbreviated form with a '/'. Figure 39 shows a few selected curves
with the corresponding value of the total seed density given in
parenthesis. It seems that with base run values for the other
functions almost any form for G will describe a viable plant --
it is only for very low germinating fractions (1-2%) that extinction
occurs. 18

Another feature of the model that is discernable in Table 7
is the surprising constancy of the mean values for mature plant
density, seed crop, and total seed density. It appears that the
density dependence incorporated into the curves for percent survival
and seeds per plant is quite strong and that these curves effectively
dictate a "constant yield" situation. This is particularly evident
in the short and moderate dormancy curves (the last two entries).
Seedling densities are high (766 and 451, respectively), but mean
plant survival and mean seeds per plant are such that the resulting
mean seed crop and mean total seed are lower than for runs where
the dormancy curve is more restrictive.

The dormancy curve .10/.10 is labeled "optimum" because it
has the largest value for the mean total seed density. However, I
did net choose it as the base run form on biological (and aesthetic!)
grounds. It would se%é?that whatever the mechanism is for attaining

seed dormancy, it probably wears off gradually (e.g., leaching of

]8This is because the base run form for the seed predation curve
is .90/.10, i.e., when the germination rate is only 1-2% then the
older seeds are being eaten at 5-10 times the rate at which they
are germinating.



100

80

60

40

20

QG oo e e e e e e e e o e e e e e @

2

SHORT DORMANCY (2452)
[ ] 4 4
/ MODERATE DORMANCY (3004)
8 3 3 3
" (3378)
gASE RU
3 2+
/ OPTIMUM (3539)
f—l— 2 1
2~
2=~
o 1 2 a

£ GERMINABLE (y=AXIS) VS

SEED

AGE IN YEARS (X=AXIS)

Figure 39.

77



78

an inhibitor from the seed coat). The base run curve would reflect
this kind of aging process, but with the stipulation that the seeds

never become very germin'ab]e.19

Variations in germination response

Table 8 shows how the action of the valve labeled 'GR' in Figure
24 affects the behavior of the model. The five numbers that describe
the germination response curve are the fraction of germinable seeds
that in fact do germinate in response to germinating rainfall of
0, 15, 25, 35, and 45 mm, respectively.

Figure 40 displays three of these curves, along with the corres-
ponding mean values of the total seed density given in parenthesis.
The curve labeled "opportunistic" allows full germination to occur
every year, regardless of the size of the germinating rainfall.

In type 1 years (see page 73) all seedlings will die and no seeds

are produced. In type 2 years seed production will occur that the
base run and "cautious" curves will miss. Since the opportunistic
curve yields a higher total seed density, these runs indicate that
there is a net gain for a plant with the base run curves for dormancy,
percent survival, and seeds per plant to take this risk in Tow
rainfall years. Other combinations for these curves would not
produce this result (see below, Table 15).

The curve labeled "cautious" describes a plant that only

ngeeping the value for percent germinable the same for seeds
eight years old or older is a programming restriction that could
easily be changed. I expect that doing so would not change the
qualitative behavior of the model.
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Table 8. Effects of variations in the germination response curve
on 80-year runs of STRATEGY3.

Germination Percent Seedling Mature Plant Seed Crop Total Seed
Response Germinable Density Density Density Density

i 9 199 48 2412 3418
0,1,1,1,1 9 195 48 2426 3444
0,0,1,1,1 (BASE) 11 140 44 2233 3378
0,0,0,1,1 14 65 29 1552 2530
0,0,0,0,1 19 9 7 459 866

"OPPORTUNISTIC" (3418)
100 +1 1 2

D O S N S

3

’-.--------.-.---.-....--.----.---...--’

0 15 25 35 45

2 GERMINATION RESPONSE (Y=AXIS) VS
GERMIMATING RATNFALL IN MM (X*=AXIS)

Figure 40.
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germinates in exceptionally rainy years. The output from the first
40 years of this run is shown in Table 9. This is probably repre-
sentative of the species of rare plant that only appear at long
intervals on the desert. Although the absolute value of the total
seed density is undoubtedly too high for a rare species, changes

in the other plant functions could remedy this.

>

Variations in seed predation

Table 10 displays how different forms for the seed predation
curve (P) affect the 80-year mean values when all of the other
functions in the model have been kept at their base run form. The
values given in the table for the shape of the predation curve are
the fraction eaten (or otherwise lost to the system) from the seed
crop and from all older seeds, respectively. Thus the first curve
(.90/.01) indicates that 90% of the seed crop and 1% of all older
seeds are removed from the system each year. |

Figure 41 shows three of these curves with the mean total seed
in parenthesis. Curve .80/.50 (denoted with '2') tests the relative
sensitivity of the seed crop loss rate and the loss rate of older
seeds. Comparison with the base run (.90/.10) shows that (1) the
fraction of the seed crop that survives to one year of age has
been doubled (from 10% survival to 20% survival), but (2) the loss
rate from the older seeds has been doubled as well (from 10% loss
to 20% loss). The mean total seed is significantly higher with the
.80/.20 curve. This would indicate that, given a seed predation

curve that is qualitatively like the base run curve, the plant would



Table 9. Output of the first 40 years of the "cautious" run, STRATEGY3.

eee INITIAL SEED DENSITY IS

2827 PER SQUARE METER wee

YEAR TOTAL GERM GERM % SEEDS SEEOLINGS MATURE SEED SEEDY SEED2 SEEDI SEEDA SEEDS TOTAL
RAIN RAIN FACTOR GERMINABLE PLANTS  CROP SEED

1 75 3 040 S.86 0 0 0 200 176 150 122 93 944

2 125 31 0.0 16,06 0 0 0 0 180 158 135 109 849

3 23 21 0.0 19,72 0 0 0 0 0 162 142 122 T64

4 14 11 0.0 22,86 0 0 0 0 0 0 145 120 687

S [£) 26 0.0 25,35 0 0 0 0 0 0 0 131 618

6 123 43 0e9 27.07 146 104 6066 0 0 0 0 0 6490

7 125 18 0.0 3,73 0 0 0 606 0 0 0 0 987

8 75 41 046 14,43 89 48 2179 0 528 0 0 0 2986

9 T3 33 040 6,03 0 0 0 217 0 aTé6 0 0 943
10 73 33 0.0 16,66 0 0 0 0 196 0 428 0 8a?
11 75 33 0.0 20,31 0 0 0 0 0 176 0 385 759
12 125 31 0.0 22,71 0 | 0 0 0 0 0 158 0 679
13 123 31 040 25.11 0 0 0 0 0 0 0 142 606
14 23 23 0.0 26,95 0 0 0 0 0 0 0 0 538
15 23 23 0.0 28,81 0 0 0 0 0 0 0 0 A7S
16 125 18 060 29,39 0 0 0 0 0 0 0 0 416
17 23 21 060 30,00 0 0 0 0 0 0 0 0 361
18 2% 21 060 30,00 0 0 0 0 0 0 0 0 309
19 1£] 11 0.0 30.00 0 0 0 0 0 0 0 0 261
20 23 16 0.0 30,00 0 0 0 0 0 0 0 0 217
21 75 11 0.0 30,00 0 0 0 0 0 0 0 0 198
22 75 A8 1.0 30,00 58 39 1876 0 0 0 0 0 1999
23 125 3l 060 3.73 0 0 0 187 0 0 0 0 298
24 123 18 0.0 14,30 0 0 0 0 1608 0 0 0 268
25 4] 33 0.0 17,48 0 0 0 0 0 151 0 0 24)
26 23 23 040 20,58 0 0 0 0 0 0 136 0 162
27 125 18 060 21,57 0 0 0 0 0 0 0 123 145
28 25 21 0.0 23,48 0 0 0 0 0 0 0 0 110
29 75 41 046 25,00 17 14 790 0 0 0 0 0 a7s
30 75 48 10 4,45 38 208 14708 144 0 0 0 0 1610
3 75 18 0.0 3,10 0 0 0 147 69 0 0 0 267
32 23 16 060 10,93 0 0 0 0 133 62 0 0 240
33 25 18 060 15,01 0 0 0 0 0 119 56 0 216
34 25 23 0.0 19.08 0 0 0 0 0 0 107 50 194
35 4] 18 040 22,50 0 0 0 0 0 0 0 o7 175
36 125 31 040 24,54 0 0 0 0 0 0 0 0 187
37 125 18 0.0 26,58 0 0 0 0 0 ! 0 0 0 141
38 173 61 1.0 28462 40 40 4345 0 0 0 0 0 4336
39 75 18 060 2,58 0 0 0 4348 0 0 0 0 516
40 25 16 0.0 8,97 0 0 0 0 v 0 0 0 464

18
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Table 10. Effects of variations in the seed predation curve
on 80-year runs of STRATEGY3.

Predation Percent Seedling Mature Plant Seed Crop Total Seed
Curve Germinable Density Density Density Density
.90/.01 13 235 52 2420 4233
.90/.05 12 186 49 2358 3834
.90/.10 (BASE) 11 140 a4 2233 3378
.90/.20 9 84 35 1965 2686
.90/.30 8 48 23 1414 1816
.90/.40 extinction in 159 years
.90/.50 extinction in 58 years
.80/.20 10 169 46 2303 3989
.80/.50 6 37 17 1054 1458
.50/.50 7 127 39 2077 4015
.60/.60 6 60 24 1410 2310
.70/.70 extinction in 73 years
100 +
B
|
80 |
|
: v
60 |
| 4015
13 3 3 ( ) 3
|
40 |
|
|
| (3989)
20 | 2 2 2
|
\ ) ) BASE RUN " (3378) 1
|
C +
+...-'-----...—--.--....--.--....--...-’
0 1 2 4 8

€ SEED PREDATINN (Y=AXIS) VS
SEED AGE IN YEARS (X=AXIS)

Figure 41.
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do better by concentrating on strategies that achieve a larger
survival rate for the seed crop than by attempting to lower the
long-term loss rate of older seeds.

The seed predation curve .50/.50 shows that a constant loss
of 50%, regardless of seed age, is comparable to curves similar to
the base run. However, consulting Table 10 we see that if the loss
rate is much higher than .60/.60, the plant goes extinct.

Runs with seed predation curves that are less severe than those
shown in Table 10 were not attempted, since they would certainly

yield mean values even higher than those listed.

Variations in plant survival, seeds per plant, and rainfall

Table 11 shows the effects of changes in the rainfall distri-
bution, percent plant survival, and seeds per plant on the 80-year
mean values. These variations are made one at a time, while all
other functions in the model are held at their base run values.

The variation labeled '+10% Survival' is arrived at by raising the
family of curves shown in Figure 29 (page 61) upward by 10% (with
100% as the upper bound). A similar procedure is carried out on

the curves in Figure 31 (page 63) to produce the variation labeled
'+10% Seeds/Plant'. The '+10% Rainfall' variation is obtained by
"enhancing" the historical distribution for Las Vegas. The resulting
distribution is shown in Figure 42. The probability for a 25 mm year
has been cut in half and added to the probability for a 75 mm year
(compare with Figure 34 on page 67). This modification raises the
80-year mean value for total rainfall from 67 mm to 75 mm and the

germinating rainfall from 24 mm to 26 mm.



Table 11. Effects of variations in plant survival, seeds per plant,
and rainfall on 80-year runs of STRATEGY3.

e

e —
— —

Variation Percent Seedling Mature Plant Seed Crop Total Seed

Germinable Density Density Density Density
BASE RUN 1 140 44 2233 3378
+10% Survival 11 146 49 2348 3548
+10% Seeds/Plant 1 156 46 2517 3802
+10% Rainfall 9 168 53 2575 3838

Tucson Rainfall 8 534 154 7700 11204

—_—
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The Tucson rainfall distribution is shown in Figure 43. The
80-year mean value for total rainfall is 122 mm and for germinating
rainfaill it is 34 mm. The output of the first 40 years of this
run is shown in Table 12.

Looking back at Table 11 again, we see that increasing the
survival rate is not nearly as beneficial as increasing the seeds
produced per plant. The previously mentioned density dependence
in these two functions is the probable cause for this difference.
Increasing the value for seeds per plant is a clear gain for the
plant, whereas some of the gain in increasing the survival rate is
lost because an increased density of mature plants (in any given
rainfall year) will result in lower seed production per plant due
to density dependent effects.

These two runs would indicate that for a plant with curves
similar to the base run, it would do best to adopt a growth pattern
that would trade an increase in the number of seeds per mature
| plant for a decrease in the survival rate from the seedling stage
to maturity. One can imagine this being accomplished in two ways:
(1) put less biomass into root material in order to increase the
proportion of mature plant that is in seed form or (2) decrease the
mean seed weight so that a given fraction of total plant biomass
as seed represents a larger number of seeds per plant. It is clear
that either of these two strategies will result in lowered plant
survival -- the former through reduced ability of the plant to

extract water from the soil (either alone or in competition with
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Table 12. Output of the first 40 years of the Tucson rainfall run, STRATEGY3.

eves INITIAL SEED DENSITY IS

2827 PER SQUARE METER eee

YEAR TNTAL GERM QERM % SEEDS SEEDLINGS MATURE SEED SEED! SEED2 SEEDY SEEDA SEEDS TOTAL
RAIN RAIN FACTOR GERMINABLE PLANTS  CROP SEED

1 125 3 1.0 5.86 165 105 6123 196 167 135 103 74 6950
2 175 61 1.0 .87 240 199 11968 600 167 138 103 74 13199
3 75 33 1.0 2.92 385 79 2876 1172 513 135 103 74 8028
4 12% 6 040 S.31 0 0 0 287 1058 461 122 93 2222
s 123 18 0.4 13,08 108 94 743 0 253 914 392 101 7648
6 175 78 140 5.82 485 212 12329 s62 0 205 699 282 14309
14 225 33 1.0 4,00 sr2 416 24152 1208 481 0 157 503 260846
8 175 78 1.0 3,09 828 248 12923 2366 1033 389 0 113 17404
9 123 3 10 4,12 716 158 6646 1266 2023 836 298 0 11533
10 123 43 1.0 6,18 rna 158 6639 651 1082 1639 640 214 11167
11 125 a3 1.0 7.02 784 159 6717 650 556 877 1254 460 10856
12 225 56 160 7.40 803 403 23488 658 $56 451 PY4! 902 27470
13 175 43 100 4,05 111 333 13002 2321 562 450 345 483 18193
14 1£} 4l 1.0 5.16 937 93 2005 1274 1904 455 344 2480 8205
15 14 ] 41 1.0 9.55 783 81 2854 284 1089 1607 3408 240  72%6
16 175 26 140 10,74 T79 241 12017 279 243 882 1229 251 16408
17 75 33 1.0 5.66 929 92 2973 1256 239 197 675 885  668SS
i8 75 al 1.0 10,02 687 88 2907 291 1073 193 150 406 6127
19 125 18 08 10415 233 108 6206 208 257 930 164 125 9202
20 75 26 1.0 7T.62 701 (Y4 2885 600 246 208 711 118 %670
21 123 18 0.4 10,04 213 103 6024 206 537 213 177 592 8644
22 12% 56 1.0 7.25 626 152 6709 890 240 435 163 127 92018
23 225 86 1.0 6,21 s71 416 24149 657 S04 198 332 117 26655
24 225 33 140 3.32 866 443 24814 2366 562 408 151 239 29073
.25 129 43 1.0 3,34 969 193 6013 2431 2023 455 32 109 11851
26 75 4l 140 6426 Tal 84 24089 589 2079 1639 348 225 8173
27 228 33 1.0 9.49 1441 406 23997 283 503 1684 1253 250 28388
28 75 33 1.0 4,30 1219 121 3049 2381 242 408 1288 902 8686
29 125 56 1.0 9.75 846 169 6602 298 2010 196 312 927 11267
30 125 56 1.0 7:90 889 177 6407 6a7 255 1628 150 224 10569
31 125 18 0.4 7.99 316 121 6434 635 ST1 221 1383 124 10573
32 2% 8 0.0 8445 0 0 0 643 S72 514 199 1245 4366
33 75 33 1.0 19,11 834 03 2836 0 $50 463 393 143 6013
34 79 Y ¥ 1.0 12,22 734 8s 2905 344 0 aas 354 283 5432
35 128 16 044 11,11 226 107 6110 208 248 0 k14 295 8488
36 175 43 1.0 755 640 243 12891 598 246 198 0 272 15162
a7 175 26 1.0 4,46 6rs 244 12969 1263 S11 199 152 0 15899
38 225 78 1.0 4,16 662 422 24496 1270 1080 ala 152 109 28042
39 125 18 0.8 3.32 389 122 6492 2431 1122 935 352 127 11965
40 75 26 140 6.27 749 8a 2469 636 2078 909 718 253 T872
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other individuals) and the latter because the newly germinated

seedlings would have a smaller food reserve to draw upon.

Selected combinations

Considering the above sets of variations, it is apparent that
the most interesting interactions among the five functions P, G, GR,
K, and S are the three that regulate the loss rates from the seed
reserves, namely seed predation, dormancy, and germination response.
Several combinations of these three functions are displayed in the
next three tables.

Table 13 shows the statistical summary for a run with very low
(1%) loss rates of older seeds due to both predation and germination.
The curves used are .90/.01 and .01/.01, respectively. The low
germination rate makes this run mimic a rare species and the low
predation raté allows for a relatively large seed reserve to accumulate.
The standard deviation of the total seed density is only one third
the size of the mean value. This shows that the plant is well
buffered, since the total seed reserve is even less variable than
the rainfall. In all of the other runs of the model the standard
deviation of the total seed density is almost the same size as (or
larger than) the mean. For runs with a short dormancy curve the
standard deviation is significantly larger than the mean.

Table 14 displays the effect of variations of the germination
response curve when the seed dormancy is .50/.90, i.e., a short
dormancy period. It is clear that when dormancy is short that there

must be some control on the response of the germinable seeds to the
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Table 13. Statistical summary for the run with 1% loss rate, STRATEGY3.

RAINFALL LOCATION! LAS VEGAS
NUMBER OF YEARS OF SIMULATIONS 80

MEAN STD DEVIATION

TOTAL RAIN (MM) 67 40
GERMINATING RAIN (MM) 24 11
£ SEEDS GERMINABLE 1 0
SEEDLINGS (#/5Q METER) 10 8
MATURE PLANTS (#/SQ METER) 7 L4
SEED CROP (#/S5SQ METER) 499 587

TOTAL SEED (#/S8Q METER) 1908 661
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Table 14. Effects of variations in the germination response curve
on 80-year runs of STRATEGY3 when dormancy curve is .50/.90

Germination Percent Seedling Mature Plant Seed Crop Total Seed
Response Germinable Density Density Density Density
1,1,1,1,1 extinction in 58 years

0,1,1,1,1 near extinction in years 18, 34, and 58

0,0,1,1,1 69 766 103 2183 2452
0,0,0,1,1 75 349 59 1695 2136
0,0,0,0,1 83 48 14 735 1119

Table 15. Effects of variations in dormancy and germination response
curves on 80-year runs of STRATEGY3 when seed predation
curve is .90/.50

Variation Percent Seedling Mature Plant Seed Crop Total Seed
Germinable Density Density Density Density

BASE RUN extinction in 58 years

Dormancy .50/.90 68 679 94 2023 2212

GR 1,1,1,1,1

extinction in 85 years
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germinating rainfall. In fact, the base run form for GR is the
optimum amount of control for long-term viability of the plant in
this situation.

Table 15 shows how the plant can adapt to increasing predation
pressures. These runs have a seed predation curve of .90/.50 and they
show that the base run forms for dormancy and germination response
cannot cope with this large of a seed loss. Changing GR to the
"opportunistic" form is only of marginal help -- it just delays
extinction for a few years. However, a shortened dormancy does

result in long-term viability for the plant.

Optimum seed dormancy and factors affecting it

Cohen (1966) indicated that the optimum germination rate (all
age classes treated the same) is strongly influenced by the severity
of the rainfall environment. The above sensitivity analysis of
Model 3 (distinguishable age classes) shows that the form of the
dormancy curve is strongly dependent upon the form of the seed
predation curve. Several runs were made to test the relative
importance of rainfall and predation rate on the optimum form for
the dormancy curve.

Figure 44 shows the assumed seed predation curve that the plant
faces (dashed curve) and the kinds of dormancy curves that the
plant is allowed to take in response. The predation curve is .90/.10
and the dormancy curves are all of the form .02/X, where X is the

20

fraction germinable for seeds one year old or older. The numbers

20When the fraction germinable for the previous year's seed crop
was not held at a constant value, no relationship could be discerned
between the predation curve and various dormancy curves. I somewhat
arbitrarily decided upon a constant value of 2%.
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in parenthesis in Figure 44 are the corresponding mean values for

the total seed density after an 80-year simulation when the historical
rainfall distribution for Las Vegas was used, along with base run
curves for the other functions in the model.

These same mean values are plotted as a function of X in Figure
45 and are labeled as the NORMAL RAINFALL curve. An optimum value
for X is clearly evident and is numerically the same as the seed
predation rate for these older seeds.

The second curve in Figure 45 shows a similar series of runs
Qhere the rainfall distribution was the ENHANCED rainfall of Figure
42 (page 85). This demonstrates that in this model the optimum value
of X is not particularly affected by the "harshness" of the rainfall
environment.

To further test this observation that the long-term germinable
fraction should be the same size as the fraction lost to seed
predators, several additional runs were made with a predation curve
of .90/.30. The results are shown in Figure 46 and 47. There is
now no well-defined peak in the two solid-line curves. Believing
that the peak was now obscured by the effect of the germination
response function (GR), I re-ran the normal rainfall set again with
GR taking the "opportunistic" form. This set is plotted as the
dashed curve in Figure 47 and a peak at 30% is clearly evident.

The above result can be made more understandable by referring
back to the original diagram for Model 3 on page 51. The question

that has been posed in this optimization section is: What are the
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relative magnitudes of the two loss rates from the older seeds
(N], Nos Ny . . .) in the soil so that the plant does best? The
conclusion reached is that there should be approximately equal
loss rates, i.e., G] = P], G2 = P2, etc. However, if the predation
rate is high, then the optimum becomes much broader and the relation-
ships between the two loss rates becomes G; > Py, G, > P,, etc.
Thus, if the plant must "err", it is safest to err on the high side
of the long-term predation rate.

The output from all of the optimization runs is shown in tabular

form in Appendix 3. .
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CONCLUSIONS

The working hypothesis that has guided me in this research
was originally stated in the introduction and bears repeating
now: Seed dormancy and germination controls are the most important
adaptive strategies of desert annuals. Have the results validated
this assertion? The answer is a qualified yes. The 80-year
simulation runs indicate that extinction will occur in a rainfall
environment as severe as that at Las Vegas unless (1) the seeds
have a minimum dormancy period of one year and a threshold of
15-25 mm for germinating rainfall or (2) the seeds have a moderate-
to-long dormancy period, in which case the threshold for germinating
rainfall can be somewhat less. The qualification is that the
pattern of seed dormancy is also strongly influenced by the rates

at which seed predators eat different aged seeds. . .

General observations

There are several general observations about the 1ife cycle
of desert annuals that the sensitivity analysis of Model 3 has
made apparent:

(1) Short dormancy species can withstand a higher seed predation
réte than can species whose seeds have a longer dormancy period.

(2) The age distribution of the seeds in the soil and the total
fraction that is germinable in any given year is strongly dependent
upon the recent rainfall history of the site.

(3) Evidently the soil serves as a sanctuary for the seeds of

desert annuals. Assuming that older seeds are eaten at a reduced
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rate as compared to the losses from the seed crop, mechanisms that
increase the proportion of seeds surviving the first year is more
important than a further reduction in the loss rate of the older
seeds.

(4) The maximum loss rates for seeds of desert annuals is
probably 90% for the current seed crop and 50% for all older seeds.
(5) The optimum balance between the non-productive loss of

older seeds (predation) and the productive loss of older seeds
(germination) is when they are approximately the same size. This
condition is relatively insensitive to the degree of severity of
the rainfall environment, provided the conditions mentioned in the
opening paragraph of the conclusions section are met.

(6) Mechanisms that can increase the number of seeds pef plant
are of greater benefit than mechanisms that increase the probability
of survival from seedling to maturity.

(7) Rare species must have a high threshold for germinatinb
rainfall (possibly along with other special environmental conditions)
and a Tow loss rate for the older seeds.

(8) In the light of all of the above observations, it seems that
factors that control the rate of seed burial are of critical
importance to desert annuals. Seed size and morphology should be
such that seeds can easily fall between soil particles and work
their way down into the soil profile. Referring again to the seed
weight data of Baker (1972), Figure 48 indicates the selection
pressures that are probably acting on seed weight to create this

rather striking pattern. Reduced probability of seedling establishment
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due to limited food reserves in small seeds is the major pressure
from the left. Increased reproductive potential, seed dispersal,

and "safe site" germination are often-cited pressures from the right.
The results of this study fndicate that there may be another pressure
from the right -- that of predator avoidance. The seed size
corresponding to a seed weight of .001 gram may be such that on

most arid soils they are buried at a faster rate than are the

larger seeds.

Suggested experiments

There are a host of experiments that the present research
suggests. The most significant ones are:

(1) Measure the effects of total rainfall over the growing
season (natural or simulated rainfall) and density dependent effects
on plant survival rates and seeds produced per plant. The literature
on desert annuals is woefully lacking with regard to seed production

by individual plants.
| (2) Identify the seed burying mechanism(s) and the factors
affecting it.

(3) Use exclosure experiments to determine the effects of
seed predators on the level of seed reserves in the soil. By
monitoring the buildup of older seeds at deeper levels, one can
make some inferences about the seed predation rate as a function
of seed age.

(4) Initiate a long-term study to measure the dormancy curves
for selected species of desert annuals. Start the experiment

after one or two good rainfall years to insure a reasonable initial
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age distribution for the seed reserves. The experiment would
probably require both conventional exclosures for seed predators
and "seed exclosures" of some kind. One could then (a) allow
germination, growth, flowering, and fruiting to occur each year,
but harvest the seeds before they are released and (b) measure

the rate of attrition of the seed reserves in the soil. Coupled
with the measured germination rates, one could construct a dormancy
curve for each species.

(5) See if the pattern of distribution of individual species
in the desert correlates with soil surface characteristics that
would affect the seed burying rates.

(6) See if the distribution of seed with depth in the soil
profile correlates with the recent rainfall history of the site

and/or with seed size and shape.
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SKIP(2) EDITC('TOTAL RAIN AXIS$'sTOTAL.RAINGAXIS)
(COLC10)sAsCOLC38)» (6) F(7))3

EDIT(TUTALLRAINLPROBABILITIES) (COLC21)» (6) F(5,3)2)3

SKIP(2) EDITC('TOUTAL RAIN PROBABILITIES!',
TOTAL<RAINSPROBABILITIES) (COLC10)»A»COLC38)s (6) F(703))3

EDITCC(RATIO.PROBABILITIES(Is»*) DO I = 1 TO 6))
(COL(C21)s (10) F(5+3))3

SKIP(2) EDITC('RATIO PROBABILITIES:',
(RATIOLPROBABILITIES(Is»*) DU I = 1 TO 6))
(COLC10)»AsSKIPs» (6) (COLC10)» (10) F(753)))3

EDITCGERMINATING.RAINCAXIS) (CoOLC21)s (5) F(5))3

SKIP(2) EDIT('GERMINATING RAIN AXISt',GERMINATINGaRAINGAXIS)
(COLC10)s»APCOLC34)» (5) F(T7))3

EDIT(GERMINATIUNLRESPONSEAXIS) (CcOL(21)s (S) F(5,2))3

SKIP(2) EDITC'GERMINATION RESPONSES'»GERMINATIONLRESPONSELAXIS)
(COLC10)»A»COLC348)s (5) F(792))3

EDITCINITIALASEEDLCROP) (COL(21)sF(5))3

SKIP(2) EDIT('INITIAL SEED CROPS'»INITIALLSEEDLCROP)
(COL(10)»AsF(B))}

EDIT(SEED=AGELAXIS) (COL(21)» (5) F(5))3

SKIP(2) EDITC('SEED AGE AXISt',SEEDLAGEAXIS)
(COLC10)»A»COLC33), (5) F(6))3

EDOIT(GERMINATIONLAXIS) (COLC21)» (5) F(5,3))3

SKIP(2) EDIT('FRACTION GERMINABLES'»GERMINATIONGAXIS)
(COLC10)»A»COLC33)s (5) F(602))3

EDIT(PREVATIONAXIS) (COLC(21)» (5) F(S5,2))3

SKIP(2) EDITC('PREDATIONS'sPREDATIONAXIS)

_(COLC10)»AsCOLC33)» (5) F(652))3
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GET EDITC(DENSITYLAXIS) (COLC21)» (S) F(S))3

PUT SKIP(2) EDITCPUENSITY AXISt'sDENSITYaAXIS)
(COLC10)+A»COLC35)s (5) F(6))3

GET EDITC(C(PLANTSURVIVALLARRAY(I»*) DO I = 1 TO 6))
(COLC21)s (5) F(5+2))3

PUT SKIP(2) EDITC('PLANT SURVIVAL ARRAY$',
(PLANTL.SURVIVAL.ARRAY(Is*) DO I = § TO 6))
C(COLC10)sAr (6) C(COLC35)s (S) F(652)))3

GET EDIT((SEEDSPER.PLANT.ARRAY(Is#) DO I = 1 TO 6))
(COLC21)s (5) F(S))s

PUT SKIP(2) EDITC('SEEDS PER PLANT ARRAYS$',
(SEEVS.PERaPLANTLARRAY(I»*) DO I = § TO 6))
C(COLC10)r»A» (6) CCOLC35)s (5) F(6)))3

GET EDITCFACTOR) (COL(21)sF(552))3

PUT SKIP(2) EDITC('FACTORS'HFACTOR) (COLC10)»AsX(3)sF(55,2))3

GET EDIT(DUM) (COLC21),AC(1))3

PUT SKIP(2) EDITC'RAIN HISTOGRAMSS*sDUM) (COLC10)sAsX(3)sA)S

RAINGHISTNGRAMS=DUMS o

GET EDIT(DUM) (COL(21),A(1))3

PUT SKIP(2) EDITC('STATSS'HsDUM) (COLC10)sAsX(3)sAC1))3

STATS=DUMS

GET EDITC(nUM) (COL(21),A(1))}

PUT SKIP(2) EDITC'FUNCTIONSS'sDUM) C(COLC10)»ANX(3)sA)S

FUNCTIUNS=DUMS

PUT PAGES

AT R R R R I R R R R R R R R R T I IS I Y Yy
/* *
/* PRINT THE FUNCTIONS USED IN THIS RUN ] *y
/% *

/R R R R kR R R R R R AR AR RN RN RN AR RN RN AN RN R R RN R RN RN RN PR RN R AR R R RN RN RS
IF FUNCTIONS THEN 003
PERCENTLAXIS=100+GERMINATIONGAXISS )
CALL PUTLCURVE(! £ GERMINABLE (Y) VS SEED AGE (X)'I|
' IN YEARS'»SEEDLAGELAXISsPERCENTLAXIS) S .
PUT FILECGRAPHS) SKIP(4)3
PERCENTLAXIS=100*PREDATIONLAXISS
CALL PUTCURVE(' % SEED PREDATION (Y) VS SEED AGE (X)'|!
" IN YEARS'/»SEEDLAGEAXISsPERCENTLAXIS)S
PUT FILEC(GRAPHS) PAGE}
PERCENTLAXIS®100*GERMINATIONGRESPONSELAXISS
CALL PUTLCURVE('S GERMINATION RESPONSE (Y) VS GERMINATING'I|
' RAINFALL (X) IN MM'»GERMINATING.RAIN&AXIS)
PERCENT.AXIS)3
PLANTASURVIVALLARRAY=1004PLANTL.SURVIVALL.ARRAY}
00 PLOT = 1 TO 4}
GET ENIT(TITLE) (COL(1)»A(80))3
PUT SKIP(1) EDIT(TITLE) (COL(C10)»A(80))3
GET EDITC(DUM) (COL(21),AC1))3
PUT SKIP(1) EDITC*INTERPOLATE',DUM) (COLC10)sAsX(3)sA)S
INTERPULATE=DUMS
GET EDIT(#uXaAXISaPOINTS»#.YuAXISLPOINTS) (COLC21)s (2) F(5))3
PUT SKIP(1) EDIT('# OF X=AXIS PUINTS» # OF Y=AXIS POINTS'»
PaXaAX1SaPOINTS»#aYuAXISL4POINTS)
(COL(10),As (2) F(10))3
GET EDIT((XaAXIS(I) DO I = 1 TO #.XaAXISLPOINTS))
(COL(21)» (10) F(5)))
PUT SKIP EDIT('X=AXIS3'» (XaAXIS(I) DO I = 1 TO #.XaAXISaPOINTS))
(COLC10)»A»X(3)s (10) F(6))3
GET EOITC((YaAXIS(I) DO I = 1 TO #.YaAXISLPOINTS))
(coLc21)» C(10) F(S))s
PUT SKIP EDIT('Y=AXISt's (YLAXISCI) DO I = 1 TO #.YaAXISaPOINTS))



116

(COLC10)sAsX(3)s C10) F(6))}
GET EDIT(SIZE) (COL(1)»AC11))3
PUT SKIP(1) EDITC'SIZES*»SIZE) (COLC10)sAsX(3)sA)}
GET SKIP EDIT(#.CUNVES) (CUL(C21)»F(5))}
PUT SKIP(1) EDIT('# CURVESS's#.CURVES) (COLC10)sAsXC(1)sF(5))}
GET SKIP EDIT(#.PAIRS) (CULC21)sF(5))3
PUT SKIP EDITC'# OF POINTSt1's#.PAIRS) CCOLC10)»A»F(5))3
PUT SKIP(2)}
CALL PLOTTER}

ENDS
PLANTLSURVIVALL.ARRAY=,01#PLANTL.SURVIVALLARRAY}
PUT PAGES
ENDS
[ R R R R AR RN R AR R R AR R AR R R RN R RN R A AR RN A RR RN RN R AR R AR A AR A RN AR RN
/% *
/* PRINT THE HISTOGRAM OF THE TOTAL RAINFALL DISTRIBUTION *
/* *®

R I R e Ry R R R R R R R R gl L
PROBABILITY(1)=TOTAL-RAINCPROBABILITIES(1)}
DO RAINLCLASS = 2 T0 63
PROBABILITY(RAINGCLASS)=sTOTALLRAIN.PROBABILITIES(RAINLCLASS)
“TOTAL.RAINGPROBABILITIES(RAINGCLASS=1)3
END3
IF RAINJHISTOGRAMS THEN DO3
PUT SKIP(a) EDITC'THIS IS THE DISTRIBUTION OF TOTAL RAINFALL')
(CoLC10)»A)} : '
PUT SKIP(2) EDITC'FOR '»LOCATION) (COLC10)sAsA)}
PUT SKIP(2)3
NUME= 63
PERCENTLAXIS2=100#PROBABILITYS
CALL HISTOGRAM(NUMsPERCENT.AXIS2)3
PUT SKIP(2) EDITC('RAIN's»'"IN MM's TOTALLRAINGAXIS)
(COLC10)»As»SKIPHCOLC10)sAsCOLC18)s (6) F(5))3

PUT PAGE?S

ENDS

IR RN R R R R RN R R RN R AR R AR R AN R AR RN AR AN R AR R R R AN R AR N RAR AR ARER RN R AAR
/e *
/* CALCULATE THE SEED COHORT PARAMETERS *
/* *

/*‘*tﬁt*.ﬁ*itfi**i*i*i**i***tﬁt***.i**tﬁ'ii**t***t***'*iiﬁ*tt***f*t**'
SEEDLDENSITY(0)=INITIAL.SEEDCROP}
DO SEEDAGE = 0 TO 193
FRACTIONeGERMINABLE(SEEDAGE)®
CURVE(SEEDAGE»SEEDLAGELAXISsGERMINATIONZAXIS) S
FRACTION.EATENCSEEDaAGE)=
CURVE(SEEDAGE s SEEDLAGELAXISsPREDATIUNGAXIS) S
SEEDaSURVIVAL(SEEDLAGE)=(1=FRACTIONZGERMINABLE(SEEVLAGE))
*(1=FRACTIONLEATENCSEEDLAGE) )}
IF SEEDAGE > 0 THEN SEEDDENSITY(SEED-AGE)=
SEEDDENSITY(SEEDWAGE=1)*SEEDaSURVIVAL(SEEDLAGE=1)}

END?
A R R e R R R R R R R R R e
/% ! . *
/* PRINT THE INITIAL SEED COHORT HISTOGRAM *
/* *

/R R R R R R R R AR R R AR RN RN R AR RN AR AN RN R AN RN RN AR RN AR RN R RN N RN R AR
TOTALLSEED=SUM(SEEDDENSITY)
00 J =1 TO 103
PERCENT<ARRAY(J)=100#SEEDLDENSITY(J=1)/TOTALLSEEDS
ENDS
PUT SKIP(2) EDITC'THIS IS THE INITIAL AGE DISTRIBUTION') (COL(12)sA)3
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PUT SKIP(2) EOIT('TOTAL SEED DENSITY IS'»
TOTALLSEED» ' PER SQUARE METER')

(COLC12)sAsF(7)sA)}

PUT SKIP}

NUM=103

CALL HISTNGRAMC(NUMsPERCENTARRAY)S

PUT SKIPC(2) EDITC'SEED'»"COHORT"»'0'»'19%2'5'3%,%4','5','6"
"795%8'5'9"') (COLC10)sA»SKIPsCOLC10)sA»
CoL(22)s C(10) (A»X(4)))3

A2 I R R R I R R R R R R R S R PR SRS R RS R SA S22 2 22 2 )

/* *,
/* PRINT TABLE HEADINGS *
/e *

R A I I I I
PUT FILECTABLE3) SKIP(3) EDIT('++« INITIAL SEED DENSITY IS',
TOTALSEED»' PER SQUARE METER #e#?) (COLC10)5A»F(7)sA))}
PUT FILECTABLE3) SKIP(4) EDITC'YEAR'»"TOTAL'H»'GERM'H»'GERM '»
's SEEDS 'y :
'SEEDLINGS'»*MATURE'»' SEED's'SEED1'»*SEED2's*SEED3'»'SEEDS",
YSEEDS'»*TOTAL'»
'RAIN'H'RAIN','FACTOR'» *GERMINABLE'» *PLANTS'»"' CROP'»'SEED')
CCOL(B)» (14) (X(C2)sA)»SKIP
COLCL16)sAsX(3)sAnXC(2)0A0X(2)0AsCOLC60)»AIX(2)sA»COLC110)0A)S
PUT FILECTABLE3) SKIP}

A R R Y Y R R Y R YR R R R R R R R PR R X R Y YR XSS R R R R Y

/* ‘ *
/* BEGIN THE YEAR LOOP - *
/* .

A2 I R R R R R R R R R R R R R R R R R R X X 2R 2222222

DO YEAR = 1 TO #-YEARS}

A I R R TR R R R R R R R R R R R R R R R R R R R R R R s I ITYY Y

e *
/% DETERMINE THIS YEAR'S RAINFALL . & *
/* *

/AR AR R R AR R AR R R AR R R AR R R AR RA RN R R AR AR AR AR R RPN R AR R AR AR
RAINGRANDOMoNUMBER=RANODOM(X)3
DO RAIN-CLASS = 1 TO 6 WHILE (RAINLJRANDOM.NUMBER
>= TOTALRAIN.PROBABILITIES(RAINGCLASS))S
ENDS
TOTALLRAINSTOTALLRAINGAXIS(RAINGCLASS)?
A T T R P PR S S T R T e

/% *
/% DETERMINE THE GERMINATING RAINFALL *
/% ®

T Y N Y R e T e R R Y TR RS TR I TR T R T 2
RAINGRANDOMaNUMBER=RANDOM(X) 3
D0 RATIO&CLASS = 1 TO 10 WHILE (RAINsRANDOM«NUMBER
: >a RATIOLPROBABILITIES(RAINaCLASS»RATIOLCLASS))S
NDJ
GERMINATING.RAINSTOTALLRAIN#(041*RATIQaCLASS = 405)3
GERMINATIONSRESPONSE=sCURVE(GERMINATINGaRAIN»

GERMINATINGaRAINaAXIS»GERMINATIONaRESPONSEAXIS)
(R R R R R R R R R R R R AR R AR RN R R R R AR AR RN R AR A AR AR RN R RN AR AR R AR AR R AR AW

/* *
/* CALCULATE # OF SEEDLINGS AND REDUCE THE SEED RESERVES .
/+ ACCORDLINGLY *
/* : *

R e T R R T R R ST TR R T T 2 L 2
TOTALSGERMINABLEsSUM(FRACTIONLGERMINABLE*SEEDDENSITY)}
PERCENTaGERMINABLE=100#TOTALLGERMINABLE/SUMCSEEDDENSITY)
SEEDLINGS=TOTALGERMINABLE*GERMINATIONLRESPONSES
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SEEDLDENSITYSSEEDLDENSITY
*(1=FRACTIONSGERMINABLE*GERMINATIONLRESPONSE)}

AXI I R R 2R 2 R R R R R X R X R R R R R R R R XX 22222222 XXRXXXTRZRRRRZZZR2 2222 2%

/» *,
/e CALCULATE # OF MATURE PLANTS AND THIS YEAR'S SEED CROP .,
/% *,

A Y T R R P S R R R T R PR R R R R R ST L )
PLANTLSURVIVALaVECTOR®PLANTLSURVIVAL&ARRAY(RAINGCLASSs»*)}
PLANTLSURVIVAL®=CURVE(SEEDLINGSsDENSITYQAXIS»

PLANT&SURVIVALLVECTOR)S
MATURE4PLANTSSSEEDLINGS*PLANTLSURVIVALS
SEEDSLPERaPLANTSVECTORSSEEDSuPERQPLANTaARRAY(RAINGCLASS»*) )
SEEDS.PER«PLANTSCURVE(MATURE-PLANTS»DENSITYQAXIS»

SEEDSaPER4PLANTLVECTOR)}
SEEDeCROPEMATURELPLANTS#SEEDSuPERLPLANTS

A I R e e s R R R R R R R R 2R 222X R XX RSYSXSY2 2222222 3

/* *,
/* REDUCE SEED RESERVES DUE To THIS YEAR'S PREDATION *
/* ' ) .,

A2 I R R R R R R R X R R R R R R R R R R RS A 2R 2 2 0

SEEDeDENSITY®SSEEDLDENSITY*(1*FRACTIONLEATEN)S

A 222 R 222 2R PR R R R R X R R R R R R P 2 A2 R 2222 RS2SRRSR 222 2203

/e *,
/* ADVANCE SEEDS IN AGE» ADD IN THIS YEAR'S SEED CROP» AND *,
/% UPDATE TOTAL SEED *,
/e ”,

/'QQ**Q*Q‘Q".'Q'*Qiﬁt*it*ttiﬁi*fﬁ**'*iiﬁ'ﬁit*."'*'.ﬁ‘i't*tti'*.'ﬂitt,
DO SEED-AGE = 19 TO 1 BY =13
SEEDLDENSITY(SEED2AGE)®SEEDDENSITY(SEEDLAGE=1)}
END3
SEED-DENSITY(0)=SEEDLCROP}
TOTAL.SEED=SUMCSEEDLDENSITY)}
/f‘f"t**it"*'i**t**ﬁ**t*'ﬁ'ﬁt'ﬁ*titiiﬁ***.Q.i.tti...'*t.i."*i'.*iiﬁ‘

/* N *,
/* PRINT THE YEARLY OUTPUT TABLE *,
/% ®,

/ti*tititt'ititt'tt't**t*t*itti**itttttt*Q*'*t*t*tt*ittt*ﬁ*i'*ﬁtttﬁi't‘
PUT FILECTABLE3) SKIP EDIT(YEARsTOTAL.RAIN»GERMINATINGRAINS
GERMINATIONLRESPONSE»PERCENT.GERMINABLE» SEEDLINGS»
MATURESPLANTS)
(SEEDDENSITY(I) DO I = 0 TO 5)sTOTALSSEED)
CCOLC10),F(3)»COLC16),FC4)»COLC23)sF(4)sCULC30)sF(4s1)>
COLC38)»F(6+2)»COLC50)sF(6)»COLC60)sF(5)s
CoLC66)» (7)) (XC1)rsF(6)))3
IF (MODCYEAR»40) = 0) & (YEAR == g,YEARS) THEN DO
PUT FILECTABLE3) PAGE?S
PUT FILECTABLE3) SKIP(4) EDITC'YEAR'»'TOTAL'»"GERM'»*GERM '»
's SEEDS '
YSEEDLINGS'» "MATURE'»" SEED'»'SEED1'»*'SEED2',*SEED3'»'SEED4',
YSEEDS*'»'TUTAL'»
"RAIN'S"RAIN','FACTOR'» *GERMINABLE'» '*PLANTS"s' CROP'»'SEED')
(CoL(B)s (14) (X(2)sA)s»SKIP»
COLC16)sAIXC3)sAnX(2)0ArX(2)sArCOLCO0)»AIX(2)0AsCOLC110)sA)3
PUT FILEC(TABLE3) SKIPS

END3
/R R R R R R R R RN R R R A RN R R AR N R RN R R RN AN RN RN RN AR AR RN AR RN R RN AR N RO R R
/* ",
/* STATISTICAL ANALYSIS *
/* "

/ﬁtﬁ.*titi'ttitt*ii*t*ti'*ﬁt*i.tit'ﬁ*"ﬁit'ﬁtitttiﬁﬁ*ﬁtﬁ*i*ttttttittﬁm

IF STATS THEN DOJ
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SUMS(1)sSUMS(1)+TOTALLRAINS
SUMS(2)sSUMS(2)+GERMINATINGaRAIN}
SUMS(3)=2SUMS(3)+PERCENTLGERMINABLES
SUMS(4)aSUMS(4)+SEEDLINGS?
SUMS(5)8SUMS(5)+MATURELPLANTS}
SUMS(6)=SUMS(6)+SEEDLCROPS
SUMS(7)=SUMS(7)+TOTALLSEEDS
SUMaSQUARES(1)=SUMaSQUARES(1)+TOTALLRAIN®#23
SUMaSQUARES(2)8SUMLSQUARES(2)+GERMINATINGaRAIN®#23
SUMaSQUARES(3)3SUMaSQUARES(3)+PERCENTLGERMINABLE##23
SUMaSQUARES(4)=SUMLSQUARES(4)+SEEDLINGS*#23
SUMaSQUARES(5)2SUMLSQUARES(S) +MATUREaPLANTS##23
SUMaSQUARES(6)BSUMaSQUARES(6)+SEEDLCROP*#23
SUMaSQUARES(7)SSUMaSQUARES(7)+TOTALLSEED##23

END3
[ RN R R R AR AR R RN R RN R AR AR A RN AR A AR R AR R AN R ARA NN AN AN AR AR RO AR RN AR AR AR R,
/* *,
/% SEE IF THE POPULATION HAS GONE EXTINCT OR IS ABSURDLY LARGE w,
/® *,

A Y R R T R R T R P PR T Y RS 2 LY
IF (TOTAL&SEED < 1) | (TOTAL.SEED > 100000) THEN DO
PUT FILECTABLE3) SKIP(4) EDIT("wewx TOTAL SEED UVENSITY '»
*HAS GONE OUT=0F=BOUNDS #w#') (COL(20)sArA)}

GO TO QUITS

ENDS3
/AR AR R AR R RN AR RN R R R AN RN R RN N AR IR AR AR AR RN R AN AN N R AR R AR RNV R AR AR,
/e ®,
/% END OF THE YEAR LOOP *,
/% *,

/Q***i'*ti't'it*i**ttﬁt'iiﬁﬁ***i*'*ﬁt*t*tt.'ii*ﬁ.t'...**ttittt"iﬁ'.*ﬁ‘

END3 /* END OF YEAR LOOP =/
I R T R TR R R I R 2y

/* “ *,
/* PRINT THE SEED COHORT HISTOGRAM - *,
/* *,
AR I R R Y R SR A A R R 2 X XX 2222222222 XY
QUIT?

IF TOTAL.SEED = 0 THEN DOS
PUT SKLIP(4) EDIT('#e« TOTAL SEED DENSITY IS ZERO w###%) (COLC20)sA)
GO TU STAT3
END3
DO J =1 To 103
PERCENTaARRAY(J)=100#SEEDDENSITY(J=1)/TOTAL.SEED}
IF PERCENT.ARRAY(J) > 95 THEN T00.BIG = '1°'B3
ENDS
YEARSMINCYEARs#.YEARS) S
PUT PAGES
PUT SKIP(2) EDITC'THIS IS THE SEED AGE DISTRIBUTION AFTER YEAR'»
YEAR) (COLC12),A»F(3))}
PUT SKIP(2) EOITC'TOTAL SEED DENSITY IS'»
TOTAL.SEEDs» ' PER SQUARE METER')
CCOL(12)sAsF(T7)sA)}
PUT SKIP}
IF =~ T00.BIG THEN DO
CALL HISTOGRAMC(NUMsPERCENTSARRAY)}
PUT SKIP(2) EDITC'SEED's"COHORT'»' 0" "1%,%2%,'3%,%4,05¢1,%41,
'795°8,'9') (COLC10)sAsSKIPHCOLC10)s»As
CoL(22)» C10) CAsX(G)))3
ENDS
ELSE PUT SKIP(4) EDIT('MORE THAN 95% OF THE SEEDS ARE '»
"IN ONE AGE COHORT') (COL(15)sA)3
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/it..it*.QQQ.*QQ'*OQ..'.".‘*Q...Qti'ﬁti.'t'.*iti'i.ﬁti..t'ttiﬁ*ﬁitt.t

/*

/n CALCULATE AND PRINT THE MEANS AND STANDARD DEVIATIONS

VL
/ittittﬁﬂtaﬁtt*ttttittit.tttQttt*t'tt'tt.ti‘ttittﬁttittiftttt.tti'it"
STATS

IF STATS & YEAR > 1 THEN DO

DO Ms=1T0 73
MEAN(M)=SUMS(M)/YEARS

VARIANCE(M)=SQRT((SUMaSQUARES(M)=YEAR®*MEAN(M)##2)/(YEAR®1))}

ENDS

PUT FILECTABLE2) SKIPC10) EDIT('RAINFALL LOCATION:'sLOCATIONS
*NUMBER OF YEARS OF SIMULATION®'»YEAR)
(COLC14)»AsXC3)sAsSKIP(2)»COLC14)5AsX(2)sF(3))3

PUT FILE(TABLEZ2) SKIP(3) EDITC('MEAN'»*STD DEVIATION')

(CULCA7)»A»COL(S5S5)»A)S
PUT FILECTABLE2) SKIP(2) EDIT

C*TOTAL RAIN (MM)*»MEANC1)sVARIANCEC1)» .
*GERMINATING RAIN (MM)*sMEANC2)sVARIANCE(2)»

s SEEDS GERMINABLE'sMEANC3)sVARIANCE(3)»
"SEEOLINGS (#/SQ METER)'sMEANCA)»VARIANCE(A),»
"MATURE PLANTS (#/SQ METER)'»MEANCS5)s VARIANCE(S)»
SEEU CROP (#/5Q METER) ', MEANC6)» VARIANCE(6)»
"TOTAL SEED (#/SQ METER)'»MEANC7)sVARIANCE(7))
CCOLC14)sAsCOLCAS)sFC6)sCOLLIS7)sF(6))S

ENDS

A 22 R R R I R Y R R R R R R R R R R R R R R R R R R R R RS IIY

/*

/* PUT-CURVE PROCEDURE

/*

Al I R Y R R R R R R R R R R R R 2 R X a2

PUT.CURVE?

/*THIS MAY

PROC(Hs XVAL»YVAL)3

DCL XVAL(#),YVAL(%),H CHAR(*)nGRAPH(20140)CHAR(1)1

DCLCISTORE,JSTORE)(20)3
BE TOO SMALL IN SOME CASES#/
NDIM=DIM(XVAL,1)3
- IF NDIM>20 THEN
003

PUT SKIP LIST(H» * TOO SMALL')S

RETURNS
END?

XMIN=XVAL(1)3

XMAXEsXVALC(NDIM)}

YMAX=1003

YMIN=O}

DO II = 1 TO NDIMS
YMAXsMAXCYMAXs YVAL(II)) S
END}

XDIVeE(XMAX=XMIN)*0+0253

YOIVE(YMAX=YMIN)*0,05}

GKAPH(# 2 ) 3

DO K=1 TO NDIMS
JECEILCC(XVAL(K)=XMIN)/XDIV=045)3

IF J>40 THEN

J=40)

IF J<1 THEN

J=i3
I=CEILCCYMAX=YVALCK))/YDIV=0e¢5)3

IF I>20 THEN

I=203

IF I<1 THEN
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I=13
ISTORE(K)=]}
JSTORE(K)=J)
GRAPH(I,J)='n?}
END3
00 M=1 TO 203
IF Ms1 THEN
PUT FILECGRAPHS) SKIP EDITC(YMAX»'+'»GRAPH(1),#))
(COLC27)sF(S)»COLC34)sAsCOL(35)s40 A)S
ELSE
IF M=20 THEN
PUT FILECGRAPHS) SKIP EDITCYMIN»'¢*»GRAPH(20»¢))
(COLC27)sF(5)»COLC34)»A»COL(35)»40 A3
ELSE
PUT FILECGRAPHS) SKIP EDIT('|',GRAPH(Ms»*))
(COL(34),A»COL(35)540 A)S
END}
(COL(35),A)}
PUT FILECGRAPHS) SKIP(2)s
DO K=1 TO NDIMS
PUT FILEC(GRAPHS) SKIP(0) EDITU(XVAL(K))(COL(324JSTORE(KI)I»F(3))}
END3 :
PUT FILEC(GRAPHS) SKIP(2)EDITCH)(COL(26)sA)S
END PUT-CURVES

A 222 222 2 X e R I R R R R R R R R Y R R X X R R R 22222 X2 XXFXX2XZRIXZXXR2RRRR X222

/% 4
;* INTERPOLATION PROCEDURE L
* 2

/R R R RN R AR R R AR AR RN RN R R RN RN RN AN AR AR RN AN R RN R AR AR R AR R AR AR AR kN
CURVE 8 PROC(X»XVALsYVAL)3
DCL I FIXED BIN INTERNALs» X FLOAT DECS
DCL XVAL(#*)» YVAL(®*)} \
NDIM=DIM(XVALs1)3
IF X <= XVAL(1) THEN RETURN (YVAL(1))3
IF X > XVAL(NDIM) THEN RETURN C(YVAL(NDIM))}
DO I = 1 TO NDIM3
IF XVALCI) > X THEN DO3
AM = (YVALCI)=YVALCI=1))/7(XVALC(I)=XVAL(I=1))}
C = YVALCI)=AM«XVAL(I)}
RETURN C(AM#X+C)}

END}

END3S

END CURVE?}

A2 22 I Y I R R R R Y R T R R Y YRR R SR AR R AR RRE2ARS 2 2
/* *
/* HISTOGRAM PROCEDURE *
/* »
/% ARRAY SHOULD HAVE VALUES BETWEEN 0=100 b
/% NUM = & OF HISTOGRAM INTERVALS (# OF DIMENSIONS OF THE L
/% ARRAY IN THE CALL STATEMENT) , *
/* WNDTH = ¢ OF PRINT SPACES GIVEN TO EACH HISTOGRAM INTERVAL *
/* LEN = TOTAL HEIGHT OF THE HISTOGRAM (# OF PRINT LINES) b
/* LEN MUST BE A MULTIPLE OF 10 *
/* %
A I R R e T R R R R Y R R R R X R R R SRR AR SR RS RS S RS SRR XA 22 2

HISTOGRAMS PROC(NUMsARRAY)}
DCL NUM BIN FIXED INIT(11),
LEN BIN FIXED INITC40),
WOTH BIN FIXED INIT(S5),
ARRAY(#) FLOAT(6) 3
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DCL PLOTERCLEN) CHAR(WDTH#NUM®1)»
BLNK CHARCSeNUM+1) INITC' *)»
STR CHARCLEN) INIT(® PERCENTAGES ')}
NWsWDTH=1 3
D0 I=1 TO LEN 3
PLOTERCI)=BLNK 3
END 3
BLNKSREPEAT('4'9120) 3
DO I=1 TO NUM=1 3
IVEARRAY(I)*LEN/1003
IIVSARRAY(I+1)*LEN/1003
IF IIV < IV THEN
I1IVslV 3
DO Ksi1 TO IIV 3
SUBSTR(PLOTER(K) sWDTHeI®1,51)s' (" 3
END 3
SUBSTR(PLOTERCIV41)sWOTH#(I=1)42sNN)S! pennaacana' }
IF ARRAY(I) > 0 THEN
PUT STRINGCSUBSTR(PLOTERCIV42)sWDTH®(I=1)+2sNW)) EDIT
ARRAY(I)) (F(NW»1)) 3
END 3
IVSARRAY(NUM)/2 3
SUBSTR(PLOTERCIV41) s WDTH*(NUM®1)+2)NN)2! ennaccanes'
IF ARRAY(NUM) > 0 THEN
PUT STRINGCSUBSTRCPLOTERCIV42) s WOTH#(I® 1)02.Nw)) EDIT(C
ARRAY(NUM)) C(F(NWsl)) 3
PUT SKIP 3
PUT EDITC(BLNK)C(COLC20)»ACNDTHe#NUM=1)) }
DO I=LEN TO | BY =1 3
SUBSTR(PLOTERCI)s1s1)m? | 3
SUBSTR(PLOTERCI)sWOTH*NUM+1,1)=% 1" }
PUT onT(suesrR(STR.LEN-1+1.1))(c0L(12).A) [
IF MODCISLEN/10) = O THEN ;
PUT EDITCI*100/LEN)CCOLC14)»F(3)) 3
Pug EDIT(PLOTER(I))(COL(19).A) ’
EN
PUT EDIT(BLNK)CSKIPCO)»COLC20)»ACWDTHANUM=1)) 3
RETURN 3
END HISTOGRAMS
/itiﬁtttttt*t*ttt**ttttt*t*tﬁtt*t*Q***ttitt*tttt**ttt'tttttttt*t*ii*ti

/* @
/* PLOTTER PROCEDURE *
/* ®

s Y Y S R R e R e e R SRR SR T X 2
PLOTTER?! PROCS
DCL ARRAY(6»5) FLOAT(6)3
DCL GRAPH(40,80) CHAR(1)3
OCL ISTOREC100)3
OCL JSTORE(100)3
DCL PAIR FIXED BIN3
DCL X(6) FLOAT(6)3
DCL Y(6) FLOAT(6)3
DCL XMAXs YMAX FLOAT(6)3
OCL NP»NL FIXED BINS
DCL XMIN»YMIN FLOATC6) INITCO)}
DCL NUMCY) CHARCL) INITC'1'5%205%3%,%'4',*5'5%'6'»'7'»'8'»'9')3
GRAPH(#)»)=s' '}
IF SIZE = *SMALL GRAPH' THEN EDGE = 40}
ELSE IF SIZE = 'LARGE GRAPH' THEN EDGE = 803
ELSE DOs
PUT SKIP(6) EDIT('##+ CARD STATING THE GRAPH SIZE'»
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' IS MISSING OR MISS=SPELLED ###') (COLC20)sAsA)}
SToP)
ENDS
IF PLOT < 3 THEN ARRAY = PLANTL.SURVIVALLARRAY}
ELSE ARRAY = SEEDS.PERLPLANT.ARRAY}
DO NL = 1 TO #.CURVESS
DO PAIR = 1 TO #aXeAXISaPOINTS}
X(PAIR)=XaAXISC(PAIR)S
ENDS
DO PAIR = 1 TO #2.PAIRS}
IF 2.PAIRS = S THEN Y(PAIR) = ARRAY(NL»PAIR)}
ELSE Y(PAIR) =3 ARRAY(PAIR»NL)3
ENDS
XMAXEXQAXIS(#uXaAXISaPOINTS)S
YMAXBY _AXTS(#aYaAXISaPOINTS))
NP=2.PAIRS}
XDIVs(XMAX=XMIN)/EDGES
YOIVE(YMAX=YMIN)#2/EDGES ~ -
DO K = 1 TO NP3
JBCEILCC(XC(K)=XMIN)/XDIV=0,5)3
IF J > EDGE THEN J = EDGES
IF J<i THEN
J=13
IsCEILCCYMAX=Y(K))/YDIV=0,5)3
IF I > EDGE/2 THEN I = EDGE/23
IF I<1 THEN
I=1}
GRAPH(I»J)=NUMCNL)}
IF INTERPOLATE THEN DO3
ISTORE(K)s]I}
JSTORE(K)=J}
END}
END3 \
IF INTERPOLATE THEN pDO3
DO N=2 TO NP3
DO J=JSTORE(N=1)¢1 TO JSTORE(N)=13
GRAD=(ISTORE(N)=ISTORE(N=1))/(JSTORE(NI=JSTORE(N=1))}
CsISTORE(N)=(GRAD*JSTORE(N) )}
IsCEIL(GRAD*J+C)}
GRAPH(I»J)m'+'}
END3
END}
END3 /+» END OF INTERPOLATION LOOP =/
ENDS /* END OF NL LOOP =/
DO K 2 1 TO #aXuAXIS.POINTS}
JeCEIL((XQAXIS(K)=XMIN)/XDIV=0,5)}
IF J > EDGE THEN J = EDGES
ELSE IF J < 1 THEN JU = {3}
JSTORE(K)=J3
ENDS
DO K = 1 TO #.YaAXIS.POINTSS
InCEILCCYMAX=Y AXISCK))/YDIV=0,5)}
IF 1 > EDGE/2 THEN I = EDGE/23
ELSE IF I < 1 THEN I = 13
ISTORE(CK)=I}
ENDS
PUT FILEC(GRAPHS) PAGES
PUT FILECGRAPHS) SKIP(7)3
D0 M=1 TO EDGE/23
IF M=1 THEN
PUT FILECGRAPHS) SKIP EDITCYMAXs'+'»(GRAPH(MsL) DO L = 1 TQ EDGE))
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CCOLC27)»F(5)»COLC34)»A»COLC35)»80 A)S
ELSE
IF M = EDGE/2 THEN
PUT FILECGRAPHS) SKIP EDITCYMINs'¢*»(GRAPH(MsL) DO Ls=1 TO EDGE)
(CULC27)»F(5)»COLC34)»As»COLC35)+80 A)}
ELSE DU3
PUT FILEC(GRAPHS) SKIP EDITC('I*,(GRAPH(MsL) DO L = 1 TO EDGE))
(COLC(34),A»COLC35)»80 A)B
DO K = 2 TO #uaYaAXIS«POINTS=13
IF M = ISTORE(K) THEN PUT FILECGRAPHS) SKIP(O)
EDIT (YaAXIS(K)) (COLC27),F(5))3
END3
ENDS
END}
IF EDGE = 40 THEN
(COL(35)sA)3
ELSE -
Sessnsssassnscsesssssessanssnassnsssaan??)
(COL(35)sA5A)3
PUT FILECGRAPHS) SKIP(2)3
DO K = 1 TO #2.XaAXISaPOINTSS
PUT FILECGRAPHS) SKIP(O0) EDIT(X.AXIS(K))(CUL(320JSTURE(K))'F(3))3
END3
PUT FILEC(GRAPHS) SKIP(3) EDIT(TITLE) (COL(35)DA(30)),
END PLOTTERS
END STRATEGY3S
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Appendix 2.
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Rainfall data

As was mentioned in footnote 11 on page 52, the growing
season and the period of germination is defined by the annual
plant whose 1ife cycle is being modeled. For winter annuals,
the growing season is typically from mid-autumn to mid-spring.
Forty-one years of daily rainfall data (1931-1971) from the
US Weather Bureau at Las Vegas were analyzed to determine
(1) the time and amount of the germinating rainfall (which marked
the beginning of the growing season) and (2) the total rainfall from
the time of germination until the end of April. For years when
there was insufficient rainfall in autumn to initiate germination,
a second possible germination period was looked for between February
1st and March 15th (Beatley, 1967). This original data is shown
in Table 16. Tables 17-19 contain the processed data that are
then used as inbut to STRATEGY3. |
Twenty-five years of rainfall data (1946-1971) from the US
Weather Bureau at Tucson were similarly analyzed. These data are

shown in Tables 20-23.
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Table 16. Original yearly rainfall data for Las Vegas.
GERMINATING TOTAL RAINFALL RATIO:
YEAR RAINFALL (mm) RAINFALL (mm) (GERMINATING/TOTAL)
1931-32 21.8 123.4 .18
1932-33 34.3 93.7 37
1933-34 8.1 15.7 .52
1934-35 14.0 78.7 .18
1935-36 14.5 17.0 .85
1936-37 22.9 100.3 .23
1937-38 36.8 44.7 .82
1938-39 16.0 86.6 .18
1939-40 47.2 118.1 .40
1940-41 44.7 196.9 .23
1941-42 241 53.3 .45
1942-43 25.7 64.0 .40
1943-44 23.6 68.1 .35
1944-45 38.9 40.1 .97
1945-46 16.5 23.1 J1
1946-47 24.9 32.8 .76
1947-48 28.7 67.8 .42
1948-49 58.4 84.1 .70
1949-50 3.3 5.6 .59
1950-51 4.1 6.1 .67
1951-52 24.9 122.9 .20
1952-53 22.1 37.3 .59
1953-54 23.1 44.2 .52
1954-55 13.0 57.4 .23
1955-56 5.8 7.9 .74
1956-57 6.6 20.6 .32
1957-58 28.2 59.4 .47
1958-59 38.9 61.5 63
1959-60 39.9 103.6 .38
1960-61 47.8 73.7 .65
1961-62 9.7 31.0 )
1962-63 11.4 34.8 33
1963-64 1.7 23.1 .50
1964-65 15.7 109.2 .14
1965-66 56.4 84.8 .66
1966-67 20.6 34.8 .59
1967-68 32.0 73.4 .44
1968-69 14.5 38.9 37
1969-70 20.8 27.4 .76
1970-71 9.7 14.2 .68
mean: 24.0 mean: 59.5
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Table 17. Historical distribution of the total rainfall over the
- JTOWing season for Lag Yeges.

" TOTAL RAINFALL INTERVAL # OF

INTERVALS (mm) MID-POINT (mm) YEARS FREQUENCY
0- 50 25 19 .475
50 - 100 75 14 .350
100 - 150 125 6 .150
150 - 200 175 1 .025
200 - 250 . 225 0 .000
250 - 300 275 0 .000

Table 18. Historical distribution of the germinating ra1nfa]1 ratio
for Las Vegas

TOTAL RAINFALL INTERVALS (mm)
0-50 50-100 100-150 150-200 200-250
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Table 19. Smoothed distribution of the germinating rainfall ratio
for Las Vegas

TOTAL RAINFALL INTERVALS (mm)

RATIO 0-50 50-100 100-150 150-200 200-250
.0-.1 .000 .000 .000 .000
.1-.2 .000 .167 .333 333
=y .000 .167 .333 333
.3-.4 .143 .167 .333 .333
.4-.5 .143 .167 .000 .000
.5-.6 .143 .167 .000 .000
6-.7 .143 .167 .000 .000
.7-.8 .143 .000 .000 .000
.8-.9 .143 .000 .000 .000

.9-1.0 .143 .000 .000 .000
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Table 20. Original yearly rainfall data for Tucson.
GERMINATING TOTAL RAINFALL RATIO:
YEAR RAINFALL (mm) RAINFALL (mm) (GERMINATING/TOTAL)
1946-47 43.2 117.1 .37
1947-48 19.1 105.4 .18
1948-49 26.7 113.3 .24
1949-50 13.5 101.1 13
1950-51 17.5 83.8 21
1951-52 48.5 209.8 .23
1952-53 37.1 109.5 .34
1953-54 7.6 72.1 1
1954-55 44.5 100.1 .44
1955-56 8.4 57.4 +15
1956-57 6.4 111.5 .06
1957-58 35.8 190.8 .19
1958-59 28.7 65.8 .44
1959-60 21.3 118.1 .18
1960-61 16.8 78.2 .21
1961-62 22.9 117.6 .19
1962-63 66.5 160.5 41
1963-64 29.0 93.5 .31
1964-65 20.8 96.3 .22
1965-66 88.6 239.3 +37
1966-67 11.7 37.3 31
1967-68 36.8 227 .3 .16
1968-69 47.2 110.7 .43
1969-70 24.1 96.5 425
1970-71 43.9 82.6 .53
mean: 30.7 mean: 115.8

Table

21.

Historical distribution of the total rainfall over the
growing season for Tucson.

TOTAL RAINFALL
INTERVALS (mm)

INTERVAL
MID-POINT (mm)

# OF
YEARS

0
50
100
150
200 -
250 -

50
100
150
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300
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75
125
175
225
275
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FREQUENCY

.040
.400
.360
.080
.120
.000
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Table 22. Historical distribution of the germinating rainfall ratio
for Tucson.

TOTAL RAINFALL INTERVALS (mm)
0-50 50-100 100-150 150-200 200-250
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Table 23. Smoothed distribution of the germinating rainfall ratio
for Tucson.

TOTAL RAINFALL INTERVALS (mm)

RATIO 0-50 50-100 100-150 150-200 200-250
.0-.1 .000 .000 .100 .000 .000
.1-.2 .000 .200 .300 .250 .333
o= s3 «333 .200 .200 .250 .333
.3-.4 .333 .200 .200 .250 .333
.4-.5 .333 .200 .200 .250 .000
.5-.6 .000 .200 .000 .000 .000
.6-.7 .000 .000 .000 .000 .000
.7-.8 .000 .000 .000 .000 .000
.8-.9 .000 .000 .000 .000 .000

.9-1.0 . .000  .000 -000 -000 -000
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Appendix 3.
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Table 24. Effects of variations in the dormancy curve on 80-year runs
of STRATEGY3 with the predation curve at .90/.10 and
normal Las Vegas rainfall.

Dormancy Percent Seedling Mature Plant Seed Crop Total Seed
Curve Germinable Density Density Density Density
.02/.05 3 61 29 1724 3104
.02/.08 5 88 37 2010 3410
.02/.10 6 102 39 2102 3457
.02/.12 7 114 41 2148 3441
.02/.20 12 151 45 2274 3365
.02/.30 17 180 47 2326 3216
.02/.40 22 199 48 2353 3102

Table 25. Effects of variations in the dormancy curve on 80-year runs
of STRATEGY3 with the predation curve at .90/.10 and
enhanced Las Vegas rainfall.

Dormancy Percent Seedling Mature Plant Seed Crop Total Seed
Curve Germinable Density Density Density Density
.02/.05 3 79 40 2169 3820
.02/.08 5 109 46 2370 3950
.02/.10 6 126 48 2450 3964
.02/.12 7 140 50 2492 3928
.02/.20 10 182 54 2604 3782
.02/.30 15 216 57 2670 3624

.02/.40 18 238 59 2707 3508
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Table 26. Effects of variations in the dormancy curve on 80-year runs
of STRATEGY3 with the predation curve at .90/.30 and
normal Las Vegas rainfall.

Dormancy Percent Seedling Mature Plant Seed Crop Total Seed
Curve Germinable Density Density Density Density
.02/.05 - extinction in 68 years

.62/.10 extinction in 202 years

.02/.20 n 70 29 1672 2104
.02/.30 16 102 36 1961 2418
.02/.40 21 125 39 2055 2493
.02/.50 26 142 41 2100 2510
.02/.60 30 157 42 2125 2510
.02/.70 35 169 42 2122 2479

Table 27. Effects of variations in the dormancy curve on 80-year runs
of STRATEGY3 with the predation curve at .90/.30 and
enhanced Las Vegas rainfall.

Dormancy Percent Seedling Mature Plant Seed Crop Total Seed
Curve Germinable Density Density Density Density
.02/.05 3 20 12 759 1012
.02/.10 5 51 28 1639 2111
.02/.20 9 101 43 2269 2841
.02/.30 13 137 49 2458 3015
.02/.40 17 165 52 2543 3065
.02/.50 21 188 54 2602 3091
.02/.60 25 207 56 2638 3094

.02/.70 29 223 57 2653 3078
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Table 28. Effects of variations in the dormancy curve on 80-year runs
of STRATEGY3 with the predation curve at .90/.30, normal
Las Vegas rainfall, and 'GR' eliminated.

Dormancy Percent Seedling Mature Plant Seed Crop Total Seed
Curve Germinable Density Density Density Density
.02/.10 5 77 28 1621 2062
.02/.20 10 136 39 2118 2589
.02/.30 14 173 44 2245 2676
.02/.40 19 198 45 2281 2665
.02/.50 23 215 46 2270 2611
.02/.60 27 224 45 2217 2518

.02/.70 31 226 43 2132 2396
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