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ABSTRACT

The structure of small mammal communities was studied in six l-ha
plots of shortgrass prairie maniputated for 5 years previously through
the application of water, nitrogen, or both. Two additional 1-ha plots
served as controls., The stress treatments have caused a differential
response of vegetation growth, being maximal on the water + nitrogen
treatment, intermediate on the water only and the nitrogen only treat-
ments, and minimal on the control treatments. The five small mammal
species present on the plots (Peromyscus maniculatus, Microtus ochrogaster,
Reithrodontomys megalotis, Spermophilus tridecemlineatus, and Onychomys
leucogaster) have responded to the differences in the vegetation struc-
ture and biomass. A negative linear correlation was found between
foliage height diversity and species diversity in the stress treatment
plots. This result, which is different from that found in natural
habitats, is interpreted in terms of colonization rates of the small
mammals. The difference between the small mammal communities found on
the four treatments is suggested to be the result of differences in
habitat priorities and competitive ability.

On a ninth 1-ha plot food in the form of oats and alfalfa pellets
was added on a 2-week schedule. A new small mammal species (Dipodomys
ordii) not usually found in most types of the shortgrass prairie habi-
tats, invaded the area. The fact that this species was captured only in
this plot and not around or in the nearby control plots was interpreted
as a response of the species to the seed supplement. It is suggested
that seed availability limits its distribution in the study area.

Microtus ochrogaster invaded the nitrogen + water treatment in 1971
and showed a unique population behavior. Unlike most populations of

this species and other microtines, this population has not exhibited a




2- to 4-year cycle. Instead the population has simply exhibited a
seasonal fluctuation in abundance. The summer peak population sizes
progressively increased from 1971 to 1976. Only small differences were
found between the demographic parameters of this annually fluctuating
population and cyclic populations of the same species reported in the
literature. Because the nitrogen + water treatment was located in the
middle of a “'sea of shortgrass prairie habitat," the Microtus population
that invaded the area was semi-isolated. Hence, one can question
Chitty's and Krebs' theory of population regulation in microtines. |
have concludad that their theory that certain genotypes emigrate from
the population causing the 2- to h-year cycle holds only if immigrants
play an important role in determining the rate by which the population
genetic structure changes.

Based on the field study a population dynamics simulation model was
put forth. Time-dependent coefficients were advanced to account for
reproduction and mortality. Inter- and intraspecific competition
undergone by a species was utilized to model emigration. On the other
hand, the immigration was described in terms of the size of the habitat,
its distance and habitat priority index. Good agreement was found be-
tween the model results and the field data with regard to community
composition and species changes in density. The sensitivity analyses
and the experimental runs indicated that dispersal of individuals plays

an important role in population dynamics.



GENERAL INTRODUCTION

Many agents have been hypothesized to account for population regu-
lations. These agents include resources (Lack 1954a, Pitelka 1964,
MacArthur 1972), predators (Elton 1929, Pearson 1966, Pain 1966), dis-
persal (Lidicker 1962, 1975; Healey 1967; Myérs and Krebs 1971a),
weather (Andrewartha and Birch 1954), self-regulation (Wynne-Edwards
1962), and genetic feedback {Chitty 1967, Pimentel 1968). in addition,
interspecific competition has also been suggested as a determinate of
species abundance, at equilibrium. In spite of the vast amount of work
and theories developed, the population regulation problem has not been
solved and a comprehensive approach in which more than one factor is
considered seems to be more appropriate (Wilson 1975).

Most species and individual organisms, however, do not live in a
biotic vacuum but usually in assemblages of species, with some degree of
organization or structure (i.e., communities}. Patterns of community
structure and-organization have been hypothesized to evelve as a result
of intensive interspecific competition between the species involved
(Levins 1968, MacArthur 1972). Recently, predation and the weather were
also suggested to account for observed community structure (Pain 1966,
Ehriich and Birch 1967, Connell 1975, Hutchinson 1975}.

These two main problems, population regulation and community
structure in small mammal species, were studied in three habitats
created by enrichment of a shortgrass prairie with water, nitrogen, or
both. The enrichment which caused a differential response of plant
growth has resulted in creating habitat patches which offered a unique

opportunity for studying species interactions and regulation.



The first section of this dissertation investigates the potential
causes for the small mammal community structures formed in these habi-

tats, while the second section analyzes the population dynamics and

regulation of M. ochrogaster. 1In the third section, the results of the

field experiment and current theory in the literature are applied to

construct a popultation dynamics simulation model.



SITE DESCRIPTION

These studies were conducted at the Pawnee Site of the us/ 8P
Grassland Biome study in northeastern Colorado. The site is located
within the Central Plains Experimental Range unit of the USDA Agricul-
tural Research Service, about 40 km south of Cheyenne and approximately
61 km northeast of Fort Collins (40°43'N latitude, 104°46'W longitude).
The topography of the area consists of gently rolling hills with broad
tops separated by wide ephemeral stream courses. The elevation is
1650 m.

Vegetation at the Pawnee Site and in adjacent areas is classified
as shortgrass prairie and has been described by Klipple and Costello
(1960). Hyder et al. (1975) have given a more detailed description of
the vegetation within few kilometers of my study site. The principal
perennial species on the site are biue grama grass (Bouteloua gracilis)
fringed sagewort {Artemisia frigida), plains pricklypear (Opuntia
polyacantha), and scarlet giobemallow (Sphaeralcea coccinea). The most
commonly encountered annual species are lambsquarter (Chenopodium
album) , Redowski's stickseed (Lappula redowskii), prairie pepperweed
(Lepidium densiflorum), woolly Indian wheat (Plantago patagonica
gnaphaloides), six~weeks fescue (Festuea octoflora), Russian thistle
(Salsola kali), and Canadian thistie (Cirsium arvense}.

The climate of the Pawnee Site is typical of mid-continental areas
except for the strong influence of the Rocky Mountains approximately
60 km to the west. Mean annual precipitation is 311 mm with a range of
110 to 580 mm recorded over the past 31 years at the Central Plains
Experimental Range. Approximately 70% of the mean annual precipitatior

occurs during the April-to-September growing season. Hean monthly




temperatures range from below 0°C in December and January to 22°C in
July {Hyder et al. 1975). During the study period the amount of pre-
cipitation was similar to the long-term average while the average
monthly temperatures were siightly higher than the long-term average
{(Fig. 1). The soil is Ascalon sandy loam {Grant et al. 1376}.

wtthin-thfs area, six 1-ha stress plots, ungrazed by large mammals,
have been treated since 1971 by additions of water, nitrogen, or both.
Two 1-ha plots, which are undisturbed prairie, served as control {(Fig.
2}. In the water treatment the soil matric potential at a depth of 10
cm was maintained between 0 and -0.8 bars from ! May to 1 September in
the last 5 years (Lauenroth and Dodd 1976). The nitrogen treatment
consisted of maintaining a difference of at least 50 kg/ha of soil
mineral nitrogen (N03 + NHH) between the nitrogen treated and control
plots (Lauenroth and Dodd 1976). The nitrogen + water treatment was
maintained as above with both water and nitrogen.

The herbage biomass responded differently to the four treatments
(Fig. 3). The water and the nitrogen treatments had more herbage
biomass than did the control treatment. The water treatment had more
herbage biomass than did the nitrogen treatment in 1972 and 1973 and
similar biomass in 1974 and 1975. In the nitrogen + water treatment the
amount of herbage biomass reached a peak of 1100 g/m2 in 1972. The
total biomass on the nitrogen + water treatment has decreased since
1972, though in 1975 it was three times that of the control treatment
and twice that of either the water or the nitrogen treatments. Further
information on the response of the plant community on the different

treatments is discussed by Lauenroth and Dodd (1976).
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FIELD METHODS
Species ldentification

Species identification of small mammals in the field followed the
procedures of Grant et al. (1976). However, in June 1976 | discovered
that individuals that were classified as juveniles of Peromyscus
maniculatus during this study {and previous studies) were adults and
subadults of Reithrodontomys megalotis. Fortunately, it was possible to
trace back and correct the identification of all but five individuals
(these individuals were captured only once and were not weighed), and
thus distinguish between the two species. This was done by three
methods: (a) reexamination of dead individuals stored frozen, (b)
recapturing marked individuals and reexamination after the mistake was
detected, and (c) use of weight categories. Adult P. maniculatus
weights range between 19 and 22 g. Adult R. megalotis weights range
between 10 and 13 g, pregnant females weigh about 15 g. Thus, any
individual with a body weight lower than 14 g (except pregnant females)
could have been either R. megalotis or juveniles of P. maniculatus. By
examining the weight data of individuals initially ciassified as 2.
maniculatus, it was apparent that most of the individuals with body
weight lower than 14 g were captured in the nitrogen + water treatment.
Only six individuals with body weight lower than 14 g were caught on the
other treatments, three each in the nitrogen and the water treatments.
All these individuals were caught in the column of traps next to the
nitrogen + water treatment. These individuals could be identified
accurately as R. megalotis because they were recaptured a few months
later and had body weights lower than 14 g, No individual with body

weight lower than 14 g was caught on the control or the food treatments,



The fact that all the individuals captured outside the nitrogen +
water treatment with a body weight lower than 14 g could be accurately
identified as R. megalotis suggests that juveniles of P. maniculatus did
not enter the traps before reaching body weight of 17 g or higher. This
conclusion was supported by following the weights of marked individuals
that were recaptured several times. Individuals that were initially
lower than 14 g did not exceed this weight when recaptured.

The data of June to December 1976 sampling periods could be used to
further demonstrate the fact that juveniles of P. maniculatus did not
enter traps. About 80 individuals caught in the nitrogen + water treat-
ment on these dates had body weights lower than 14 g and all were iden-
tified as R. megalotis. Individuals of P. maniculatus which were caught
on these dates in the nitrogen + water treatment weighed more than 19 g.
In the other treatments trapped on these dates only adult P. maniculatus
were caught. Because reproduction in P. maniculatus in this area starts
in February and continues through November (Flake 1974), it is reasonabl
to assume that juv;niles existed in the area but were not trapped.

Thus, it was concluded that all individuals caught with body weight
lower than 16 g on the water and the nitrogen treatments, and which
could not be identified by the other methods mentioned above, were A.
megalotis.

In summary, individuals of R. megalotis were initially misidenti-
fied as juveniles of P. maniculatus; however, all but five individuals

were subsequently correctly identified.
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Smatl Mammal Trapping

On each of eight 1-ha plots, a l-year live~trapping program for
small mammals was initiated in May 1975. Each plot consisted of 6 rows
by 7 columns of trap statlons spaced at intervals of 15 and 9 m,
respectively (Fig. 2). The stations were marked with numbered stakes.
Initially one Sherman live trap {13 x 13 x 38 cm) was set in each sta-
tion. In July 1975 the number of rodents in the nitrogen + water
treatment exceeded the number of traps. The number of traps was then
doubled in this treatment by placing additional traps in each station
to ensure the number of traps was not a limiting factor for trapping
success. )

A ninth 1-ha plot (Fig. 2) was established in 1975 to investigate
the possibility that the rodents are food limited. The populations on
this plot were sampled for four consecutive months before the food was
supplied, About 11 kg of whole oats and 11 kg of alfalfa pellets were
evenly spread between the six trap rows at 10~ to th-day intervals
starting in August 1975.

Small mammals were trapped for flve consecutive nights on a
monthly schedule during the spring, summer, and fall of 1975, and on a
bimonthly schedule during the winter of 1975 and early spring of 1976.
In May 1975 and March 1376 severe weather prohibited continuous 5-night
sampling. This sampling was reinitiated on these dates after the
weather caimed until five nights were accumulated. In December 1975
and May 1976 the smaltl mammals were sampled for only four consecutive
nights because of severe weather.

Live trapping was contlnued after May 1976 on the nitrogen +

water treatment, one replicate of the control treatment (Ci, Fig. 2),
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and the food plot for two consecutive nights on a 2- to 3-week sched-
ule between late May 1976 and December 1976. The trap number was in-

" creased to 118 per plot on the nitrogen + water treatment and to 78
traps on the control and food plots. This was done by placing addi-
tional traps between each of the original trap stations along the rows.
Only part of the results obtained in this additional study is discussed
in this report.

gBefore each sampling period the traps were cleaned and baited
with whole oats. Additional baiting during the sampling period was
done when necessary. In the summer, traps were routinely set in late
afternoon and checked in the early morning of the following day. Dur-
ing the fall, winter, and early spring, traps were left open through-
out the sampling period. In these periods, traps were checked th:ee
times a Jay: early morning, noon, and midnight.

Because of relatively high trap mortality on the nitrogen + water
treatment, in July 1975 bedding material (cotton) was added tc the
traps of this treatment. Cotton was added to the traps of the other
treatments in September 1375. The cotton was replaced when necessary.

Every new individual trapped was marked by toe clipping and the
following data were recorded at each capture: species, individual
number, location on érid, age, sex, weight to the nearest 0.5 g, posi-
tion of testes for males, and size of nipples and pregnancy status for
females. In September 1375 the marking technique was changed and upor
first capture each individual was tagged with a numbered fish tag in
the right ear. Fresh. pellets were collected from each captured indiv

dual, when available, and frozen for later microscopic examination.
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Herbagé Sampling
Herbage biomass was determined by choosing sites randomly within
each plot and clipping the samples at ground level. Six 0.5 m2 circular
quadrats were collected by the Grassland Biome study personnel in each
of the plots. These samples were collected several times during the
growing seasons since 1971, The material was separated by species, oven
dried, and weighed. In each treatment, the herbage biomass was also

estimated in B0 quadrats each 0.5 m2. For further information see Swift

and French (1972).

Follage Vertical Density

Vertical density of foliage, defined as the number of leaves or
stems of the vegetation vertically above a point (Cody 1968}, was
measured at 20 randomly chosen points. At each selected point a thin
steel rod was dropped to the ground at four places each 30 cm along axes
at right angles to each other through the reference point. The orienta-
tion of the axes was chosen with regard to the four major compass
directions. THe number of contacts of the vegetation with the rod was
recorded in 5-cm height increments frém ground level. Thus the vertical
density was sampled in 20 x 4 = 380 different samples.

At each reference point litter depth was measured, and litter and

herbage cover were estimated.

Arthropod Trapping
Arthropods were sampled in June, August, September, and December of
1975 using a combination of pitfall traps and quick traps (Fig. &4)}. The

pitfall trap consisted of two cans and a funnel. Commercial ethylene
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glycol antifreeze diluted 50% was used as preservative. The quick trap
(Fig. 4) consisted of a 0.5 m2 circular trap with a 16-mesh screen. The
quick trap was placed on top of the pitfall trap. Thus, the quick trap
bordered an area from which insects were sampled by the pitfall trap.
wWhen not in use the gquick traps were removed from the area and the
pitfall traps were covered with plastic lids.

Five pitfall-quick trap combinations were randomly placed on each
of the eight stress plots (Fig. 2). On each sample date the traps were
allowed to catch arthropods for 10 consecutive days. Because only 20
quick traps were available, the traps were first set for 10 days on four
plots (one replicate of each treatment), and then were moved to the
other four plots. The arthropods trapped were stored in jars containing

70% isopropyl alcohol.

Radiotelemetry Equipment

AVM SM1 “mouse style'' transmitters manufactured with RM 312 batter-
ies were used to track individuals. The transmitter and the battery
were insulated with Deep Flex Rub-M-Mold, a rubber latex compound which
cures in air at room temperature. fnitially, the transmitters were
glued directly to the animal’s nape using Eastman 9-10 compound. How-
ever, several voles lost their trénsmitter. Consequently, the transmit-
ter was first glued to a nylon self-locking tie which was mounted around
the neck with transmitter In a dorsal position. A Dav Tron receiver and

hand-held directional antenna were used to locate the voles.




LABORATORY TECHNIQUES
Fecal Analysis

The feces were prepared for the microtechnique analysis by the
method of Flinders and Hansen (1972). All the feces collected from
individuals belonging to a given species on each of the treatment
replicates were combined, and washed over a 200-mesh screen to remove
dirt. The washed samples were spread evenly and mounted on microscope
slides, using Hertwig's solution and Hoyer' solution. Two slides were
made from each sample.

Forty nonoverlapping, randomly chosen microscopic fields were then
read from each slide under low-power (20X) compound binocular microscope
to determine the relative frequency of arthropods. Twenty nonover-
lapping, randomly chosen microscopic fields were then read from each
slide under high-power {100X) magnification to determine the relative
frequency of the plant species. Arthropods were identified at least to
order. Percent frequency was then converted to particle density per
field, and relative density (the number of particles of a plant species
or arthropod order expressed as a percent of the total number of par-
ticles of all plant species and arthropod order) was calculated for eact
food category (Appendix I). The relative densities of the food cate-
gories in each of the treatments were averaged, when possible, over the
two replicates. The analysis of the feces was done by the CSU Range
Science Department Diet Laboratory.

Correct species identification could not be done for the feces
collected from what was initially classified as P. maniculatus. This
is because the feces of all individuals of the same species were lumped

together for each of the treatment replicates. Nevertheless, it was
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shown above that in the control treatment only individuals of P.
mantculatus were trapped through the'study. Thus, diet anaiysis data in
the control treatment are available. On the other treatments it was
assumed that the individuals of P. maniculatus ate the same type of food
in the same proportions as in the control treatment.

The arthropods collected by the pitfall-quick trap combination were

sorted to order. The body length of each individual was alsoc recorded.

Small Mammal Populations Size

The intensive live-trapping program was aimed at obtaining accurate
information about changes in populatioﬁ size, as well as death and
dilution rates, through the use of capture-recapture analysis (Leslie
et al. 1953, Jolly 1965). A basic assumption of this estimation proce-
dure is that all animals in the population are at equal risk of capture,
and consequently that there is no differential trap response between
marked and unmarked animals., Only after this assumption is tested and
real ized, can capture-recapture analysis be applied, and conversely, if
the basic assumption is not realized, then no valid estimates can be
made of the parameters one may wish to determine (Leslie et al. 1953).

The assumption of randomness in sampling the marked vs. the un-
marked segments of the population can be tested only in a nonbreeding
population in which no immigration is occurring (Leslie et al. 1953).
In this study only one species, M. ochrogaster, was represented in
sufficient numbers to test this hypothesis. However, the M. ochrogaster
population was in breeding condition throughout the study period, and
thus the basic assumption cannot be tested. Nevertheless, this test was

done for populations of M. agrestis (Leslie et al. 1953), M. californicus
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(Krebs 1966), and M. ochrogaster and M. pemnsylvanicus (Krebs et al.
1969). For all these species the assumption of random capture of the
marked and unmarked segments of the population was violated.

It was assumed that the individuals of M. ochrogaster in my area
behaved similarly to the other microtine specias and thus the hypothesis
that the marked and unmarked segments of the population were trapped
randomly was rejected.

If the marked and unmarked segments of the population are sampled
nonrandomly, total population size and dilution rates cannot be esti-
mated validly. Nevertheless, if sampling within the marked population
is random, valid inferences may still be made about death rates, which
are estimated only from marked animals. Llesiie et al. (1953) discussed
one method for testing the marked animals for randomness of capture.
Unmarked animals can be ignored at each sampling, and the subpopulation
of marked animals can be considered in exactly the same way as the whole
population is normally considered. Animals caught oniy once previously
are then considered as new members of this subpopulation of marked
animals. Instead of compiling a table of recaptures according to the
interval since last capture, one compiles a table of re-recaptures
{Leslie et al. 1953, their Table 6). From these data we can calculate a
parameter (Z) which estimates the number of animals marked for the first
time and released at each trapping. Since this parameter is known from
our original data, estimates of Z can be compared with the true value.
This calculation was made for the most abundant species (M. ochrogaster)
on the nitrogen + water treatment, The estimated number (Z) of

individuals marked and released is 1562, while the known number is 591,
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This reswlted fn a percent difference of -62% (100 (observed -
estimated)/estimated, Krebs 1966) which means that a valid inference
cannot be made about the mortality rates.

The conclusion is that the marked and the unmarked segments of M.
ochrogaster population did not show random capture, and thus, the popu-
lation size could not be estimated by the conventional capture-recapture
type of analysis. Similarly, it was shown that within the marked popu-
jation the capture was also nonrandom and thus the death rate could not
be estimated by capture-recapture type of analysis. The other species
caught in this study were not numerous enough to test any of the above

assumptions or to be used in a conventional capture-recapture type of

analysis.

Enumeration Technique

The only alternative method of population estimation is direct
enumeration (Krebs 1966). The minimum number of mice alive at time t
on each treatment is obtained by summing two counts: (1) the actual
number caught at time t and (2) the number of previously marked indi-
viduals caught after time t, but not at that time.

Al though there is no way of determining the accuracy of these
enumerations (Krebs 1966), we can examine the efficiency with which the
trapable population was sampled. This can be done by estimating ''trap-
ability" (Krebs et al. 1969), by comparing the actual catch in each
trapping period of 5 days with the number of mice known to be alive on
each of the treatments (Table 1). To increase the sample size, the
individuals caught on the replicates of each treatment were combined.
Only on two occasions was the trapability under 50% (M. ochrogaster in

the nitrogen + water treatment in May 1975 and P. maniculatus in the
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Table 1. Trapability of M, ochrogaster, P. maniculatus, 0. leucogaster, 5 tridecemlineatus,
and R. megalotis on the four treatments.if Trapability is measured by the per-

centage of mice known to be alive which were actually caught,

M. ochrogaster P. maniculatus
Period Nit;:?:: * Water Control Nitrogen Ni;;:gin * Water
b/ Trap- .Ej Trap- NE! Trap- b/ Trap- b/ Trap- b/ Trap-
ability abitity ability ability abiticy ability
May 1975 22 Lo 0 - 6 100 4 100 2 100 2 100
June 1975 L 95 0 - 2 50 2 100 i 100 5 100
July 1975 135 95 5 100 b 75 1 100 0 -- i 100
Aug. 1975 161 96 13 100 4 100 0 -- 0 -- 0 --
Sept. 1975 148 9 3 17 | 7 29 0 -- ) 100 1 100
Dec. 1975 150 9 3 100 10 90 9 100 1 100 8 160
March 1976 17 95 0 - 10 100 8 100 3 100 6 100
0. leucogaster 5. tridecemlineatus R. megalotis
P ‘COntrol Nitrogen Control Nitrogen Water Nitrogen +
eriod : Water
NE! Trap- Ngj Trap- NE/ Trap- b/ Trap- NE/ Trap- NE! Tfa?-
ability ability ability ability ability ability
May 1975 0 -- ] -- 5 100 6 83 10 70 20 --
June 1975 3 100 3 100 L] 75 4 50 10 30 10 90
Juty 1975 1 100 2 100 10 90 (3 67 8 100 2 100
Aug, 1975 2 100 3 100 10 80 11 Nn 7 86 1 100
Sept. 1975 2 50 2 100 8 - 6 - 0o - 1 100
Dec. 1975 3 -- 0 -- -- - -- -- -- -~ 1 100
March 1976 2  -- 0  -- 9 5% 5 60 175 1t 100
a/

~ NW = nitrogen + water; W = water; N = nitrogen; { = control,

E!Number of mice known to be alive on the area at the time sampled.




20

control treatment in September 1975). All other trapability estimates
were usually above 80%. This means that the trapping was efficient in
most of the species/treatment/date categories and thus by repeating this
enumeration, | can obtain a reascnably precise description of demographic

trends (Krebs et al. 1969).

Arthropods

The objective of the arthropod sampling was to devise a method
which would sample coleoptera accurately. The reason for concentrating
on beetles was that this group of insects was shown to comprise a large
percent of the small mammals' animal diet (Flake 1973).

Pitfall traps have been used successfully in the study of various
ground-dwelling organisms such as Coleoptera (Doane 1961, Meijer 1971).
However, pitfall traps cannot be used as & quantitative sampling device
(Southwood 1966). This is because the activity of the arthropods, and
thus the efficiency of the traps, changes with the weather conditions,
habitat type, and the amount éf moisture in the soil (Southwood 1966).
Because of these timitations the pitfall-quick trap combination was
used. In this way the area from which the arthropods were trapped was
restricted by the quick trap. Also, by letting the traps operate for
10 consecutive days it was hoped that the differences in activity due to
severe weather would be overcome. The efficiency of the pitfall-quick
trap combination was tested.in June 1975. After the regular 10-day
sampling period, insects caught were collected and the traps were then
reset and operated for another five consecutive days. MNegligible

numbers of arthropods were caught in the second period; thus, it was
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concluded that the pitfall-quick trap combination operated as an effi-
cient sampling device.

The standard error associated with the mean density of the insects
was very high, and in most cases the 10 samples taken were not suffi-

cient to obtain a moderate goal (20% of the mean 80% of the time}.

Foliage

Pielou's (1966) procedure was used to test the adequacy of the
sample size of the foliage height density. As can be seen from Fig. 5,
changes in cumulative diversity with increasing sample size became very
slight, usually within the range of 20 to 30 samples; thus, the number
of samples was more than enough and additional samples would not have
improved the sample. | also checked sample size according to the
procedure suggested by Snedecor and Cochran (1973:516). | found that
in the worst case the variance was large enough to be within 10% of

the mean 95% of the time.

Similarity Index and Competition Coefficient
Whittaker's (1952) similarity index was used as an indication of

overlap between the frequencies of food categories found in the feces

a

of a given species on the different habitats. It is calculated as:
n n
ST =2 w/ ) (a, + b}

“Examples of calculations used in data analysis appear in Appendix II.
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where a, represents the mean percentage of food category i in a given
rodent species on habitat one, bi represents the mean percentage of food
category i in the same rodent species in habitat two, W, represents a,
ifa, < bi and b, if b, <ay, and n is the number of categories. The
value of SI ranges between 0 for no similarity and 1 for complete
similarity.

The competition coefficients for the habitat and the food dimension:
of the ecological niche were calculated using Levins' (1968} approxima-
tion equation. This competition coefficient is based on the probability
of the co-occurrence of individuals of two populations over a range of
habitats when the competition for habitats was considered, and the
probability of co-occurrence of the same food category in the diet of
two rodent species when the competition for food was considered.

Levins (1968) used the following expression for the effect of

species j on species 1:

where h is a habitat type (or food category) and Pih and Pjh are the
proportions of species 1 and j occurring in the same habitat, respec-
tively, and the summation is over all habitats n. If two species are
separated in spatfal-temporal positioning, then their probability of co-
occurrence will be small and vice versa.

Niche breadth was calculated after Levins (1968):

in B = -

I e~13
-
= |
o
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where Pi is the proportion of the species individuals found in habitat i
(or the proportion of food category i in the diet of a given species), B
is the niche breadth, and n is the number of categories. B equals n
when all n resources are being used equally and equals 1 when only one

resource category is utilized,

Simulation Model
Data from this study and the literature were used to construct a
small mammal population dynamics compartment model. The model was coded
in SIMCOMP 3.0 (Gustafson and Innis 1972) simulation language. The

model uses difference equations and runs on 2-week time step.



COMMUNITY STRUCTURE

The concept of competitive interaction between similar species has
been introduced by Grinnell (1917), Volterra (1926), and Lotka (1932}.
According to this concept two species cannot occupy the same ecological
niche (Vandermeer 1972) for a long time. Because of competitive inter-
actions for limiting and common resources, either competitive exclusion
or niche shift will result. Gause (1934) has shown experimentally that
the process of competition does exist. Few direct studies have provided
evidence for the importance of inter- and intraspecific competition
(Connell 1961, 1975; Pain 1966; P. R. Grant 1972). Evidence has also
been reported for laboratory experiments (Park 1948, 1954; Slobodkin
1961) . However, many studies have provided indirect evidence for the
occurrence of this process in natural communities of various organisms
(MacArthur 1972, Cody 1974, Rosenzweig et al. 1975, Brown 1975; review
papers by Miller 1967, P. R. Grant I97i, Schoener 1974a, Connell 1975).
in spite of the fact that only a few direct field experiments support
this concept, and that the concept has been criticized (Andrewartha and
Birch 1954, Murdoch 1966, Ehrlich and Birch 1967), the importance of
interspecific competition as a mechanism that has determined the distri
bution and abundance of species is given considerable importance today
(Miller 1967, MacArthur 1972, Cody and Diamond 1975, Hutchinson 1975).

One of the suggested means for avoiding competition in small mam-
mals is differential habitat utilization (P. R. Grant 1972, Rosenzweig
et al. 1975, Brown 1975). This concept suggests that closely related
species have reduced competition between themselves by utilizing

different habitats or habitat patches.

25
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However, very little is known about the impact of habitat manipula-
tion on arimal communities that inhabft them, and about the influence of
species that have invaded the manipulated habitats on the original
community. Su;h perturbation experiments which result in the formation
of new habitat types offer a unique opportunity to study the relation
between habitat structure and between the distribution and abundance of
species. Species that occupy a certain habitat type have reduced the
competition between them in a certain way. However, the same species
communities when faced with different habitat patches are probably
forced to resort themselves. This is because a given species which may
be competitively inferior in one habitat type can be competitively
superior in a different habitat type (P. R. Grant 1972).

This study reports on the response of a small mammal community
previously inhabiting shortgrass prafrie, to habitat manipulation in-
duced through the application of water, nitrogen, or both. Factors that

may have been responsible for the response are analyzed.

Results and Discussion

Small Mammal Populations

Five small mammal species were regularly captured in the four
stress treatments (Peromyscus maniculatus, Spermophilus tridecemlineatus,
Onychomys leucogaster, Microtus ochrogaster, and. Reithrodontomys megaloti.
A sixth species, Dipodomye ordii, was caught only in the food treatment
and it will be discussed later. P. maniculatus, S. tridecemlineatus,
and 0. leucogaster aré common species of the shortgrass prairie and can
berfound there in variety of habitats within this ecosystem {(Flake 1971,

W. E. Grant 1972). M. ochrogaster and R. megalotis are rare in most
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habitats of the shortgrass prairie, but, infrequently, transient indi-
viduals may be found (W. E. Grant and D. S$. Dobkin, pers. comm.).

M. ochrogaster invaded the nitrogen and water treatment when the
treatment was initiated in 1971 (W. €. Grant 1972) and persisted in the
area until the termination of this study in 1976. Unfortunately, |
don't know when R. megalotis invaded the nitrogen + water treatment.

R. megalotis was trapped consistently in 1975 and 1976. One individual
which was marked and identified in late 1974 (by an |.B.P, Grassland
Biome study field technician) as a juvenile P. maniculatus was recap-
tured in 1975 and reclassified as R. megalotis. Thus, it is safe to
assume that R. megalotis invaded the nitrogen + water area in 1974,
though it is probable that the invasion occurred earlier, but was not
detected by the field technicians. Because in an earlier study during
1971 to 1974 (Grant et al. 1976) weights of individuals were not taken,

it is impossible to determine when the invasion of R. megalotis oc-

curred (see Methods).

The nitrogen + water treatment, which carried the highest herbage
biomass relative to the other plots, was also inhabited by the highest
number of small mammals (Fig. 6). The differences between the total
number of individuals which inhabit the water, nitrogen, and control
treatments from 1975 to 1976 is relatively small (Fig. 6}. A similar
pattern was also observed (Grant et al. 1976) between 1971 and 1974
(Fig. 6).

Although the four treatments were adjacent to each other (Fig. 2},
and in spite of the fact that the total area of the stressed plots was
only 6 ha, differences between compositions of the small mammal communi

ties were observed in the four treatments {(Table 2)}..
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Individuals of M. ochrogastér were trapped only in the nitrogen +
water and the water treatments. Individuals of R. megalotis were trapped
only in the nitrogen + water, the water, and the nitrogen treatments,
Individuals of 0. leucogaster were trapped only in the control and the
nitrogen treatments {Table 2}. The difference between the habitat
utilization exhibited by the small mammal species was also reflected
through their density. It seems that each species had an ‘'optimal’
habitat in which its density was relatively high, "suboptimal" habitats
in which its densities were relatively low, and habitats where the
species was completely absent. M. ochrogaster and R. megalotis were
most “'abundant'’ in the nitrogen + water treatment, 0. leucogaster and P.
maniculatus were most abundant in the control treatment, and 5. tridecem-
lineatus was most abundant in the water treatment {Table 2).

Although some species were never caught in some of the treatments,
they may have utilized them to a limited degree. Grant et al. (1976)
report an occasional trapping of M. ochrogaster in the control and
nitrogen treatments and of 0. leucogaster in the water treatment. These
few individuals that were trapped outside their '‘optimal'' habitats
probably represent transient individuals. Thus, | concluded that the
data collected in 1975 and 1976 represent the species habitat utiliza-
tion accurately.

The described pattern of differential habitat utilization by the
small mammal species may result from differences in habitat priorities
exhibited by the species, interSpeéific competition, or a combination of
both factors (Wecker 1963, Rosenzweig and Winakur 1969, P. R. Grant

1972, Schroder and Rosenzweig 1975).
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Treatments

The measured habitat variables exhibited a similar pattern. All
the variables increased over the three stress treatments, showing the
highest increase in the nitrogen + water treatment, intermediate in-
crease in the water treatment, and the smallest increase in the nitrogen
treatment relative to the control treatment (Table 3). Thus, a series
of habitats were formed ranging from the control plots of shortgrass
prairie habitat {where the herbage biomass was the lowest) to the
extreme habitat in the nitrogen + water treatment plots (where the
herbage biomass was the highest).

A similar trend was also observed in the arthropod biomass (Ap-
pendix III). Although high variance was associated with the means of
Coleoptera density in the four treatments, a comparison between their
abundances can still be made. |t was found that in the two wet treat-
ments the number of Coleoptera was significantly higher than in the two
dry treatments (P < 0.001). Similar results were found for trapped
Orthoptera, Araneida, and Hemiptera individuals. Individuals of Hymen-
optera were more abundant in the dry treatments relative to the wet trea
ments. It should be noted that the pitfall-quick trap combination was
designed and usually efficient in catching only ground-dwelling arthro-
pods (Southwood 1966). The variation in the density of arthropods was
lower in the sampling conducted from 1971 to 1973 by the Grassland Biome
staff (Lavigne et al. 1972, Lavigne and Kumar 1974, Andrews 1976). In
these samples the quick trap was dropped at a selected random point and
the arthropods were collected by vacuuming.- The results of the arthro-
pod sampiing from 1971 to 1973 also showed that arthropods were usually

more abundant in the wet treatments relative to the dry treatments.
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Table 3. Main variables of the habitat.

Nitrogen
Habitat variable Control Nitrogen \Water +
water
Foliage height diversity 1.12 1.46 1.47 1.77
Litter cover (%) 0.16 0.25 0.4 0.24
Litter depth {cm) 0.17 0.21 0.55 2.62
Vegetation cover (%) 0.20 0.28 0.32 0.84

Mean herbage biomass_(g/mz) 125 189 242 365
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It follows that the two wet treatments carried more food (in terms
of arthropods and herbage) to the small mammals than did the dry
treatments.

The structure and the amount of plant biomass in the nitrogen +
water treatment is similar to those found in a tallgrass prairie habitat
{Grant et al. 1976). The structure and the amount of plant biomass in
the water treatments, and to a lesser degree in the nitrogen treatment,
is similar to that found in a midgrass prairie (R. G. Woodmansee,
pers. comm.). The vegetational structure and biomass in the control
plots were typical of the natural ungrazed shortgrass prairie. Thus,
the series of habitat types formed by the application of the stress
treatments was similar to the habitats found within the gradient betweer
shortgrass and tallgrass prairie habitats. However, while the natural
gradient of habitats covers large geographical area, the habitat formed
by the application of the stress treatments is limited to an area of §
ha in size.

Foliage height diversity (FHD) across habitat gradients has been
used extensively to predict species diversity of birds (MacArthur and
MacArthur 1961, Karr and Roth 1971, Cody 1974), lizards (Pianka 1975),
small mammals (Rosenzweig and Winakur 1969), and Insects (Murdoch et al.
1972). Thus, this metric was chosen to permit comparison of results
from this study to those reported earlier. Rosenzweig and Winakur
(1969) have also shown that the species abundance of small mammals over
a gradient of habitats can be predicted by the.proportion of vegetation
in a certain vertical layer} Furthermore, evidence for the biclogical
significance of these relationships has also been demonstrated by field

experiments (Rosenzweig et al. 1975). These experiments were conducted
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by artificial addition or removal of foliage layers and monitoring the
response of the small mammal species to the modified habitats {Rosenzweig
1973). Also, by placing traps in natural habitat at different heights

it was possible to show that the small mammal species utilized the
foliage layers differentially (Rosenzweig et al. 1975). Thus, although
the habitat measurements presented in Table 2 showed a high degree of
correlation, | chose to characterize the habitats studied in the present
report by FHD alone. The differences in foliage density and the height
of the vegetation in the four habitats are presented in Fig. 7.

FHD was estimated in this study from all the foliage measurements
conducted at S-Em height intervals. Thus, instead of arbitrarily choos-
ing three'layers of vegetation (MacArthur and MacArthur 1961, Rosenzweig
and Winakur 1969, Cody 1974), | calculated the overall degree of verti-
cal diversity. Nevertheless, the nature of the results did not change
when the FHD of three vegetation layers, used by Rosenzweig and Winakur
{1969), was calculated.

The abundance of the three ''mative' species of the shortgrass
prairie (P. maniculatus, 0. leucogaster, and S. tridecemlineatus) ex-
hibited negative correlation with increasing values of FHD (Fig. 8a).
However, the abundance of the two ''exotic'' species (M. ochrogaster and
R. megalotis) exhibited positive correlation with increasing values of
FHD (Fig. 8b). Note that if lines are drawn between the points of each
species, they will have different slopes. The difference between slopes
probably reflects biological differences between the species such as
home range size, social tolerance, and competitive ability.

Species diversity of the small mammals on the four treatments

varied to a great extent throughout the study period (Fig. 9). The
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highest values of species diversity were recorded in May and June and
the lowest values, usually during the winter months. This pattern of
change in species diversity was partly caused by the fact that 5.
tridecemlineatus was hibernating from September to April. On the other
hand, the differences in species composition between thé four habitats
and the fact that these habitats were adjacent to each other (Fig. 2),
made it very likely for emigrants to be trapped in ''suboptimal'' habi-
tats. This fact partly explains the month-to-month variation in specie:
diversity. Note that species diversity for the nitrogen + water and the
water treatments reached their lowest values earlier than on other
treatments. This happened when M. ochrogaster was most abundant on boti
treatments and thus may sﬁggest that competitive interactions between
abundant Microtus population and the other species limit the abundance
of the latter. Nevertheless, it was clear that the species diversity il
the control treatment was higher than the species diversity on the rest
of the treatments.

Negative linear correlation (r2 = 0.90, P < 0.05) was found betwee
species diversity and FHD (Fig. 10}, Other variables of the habitat
also showed high correlation with species diversity, but FHD was the
best predictor of species diversity.

The negative correlation between species diversity and FHD is
different from the results reported in the literature for natural habi-
tats. In studies conducted in natural habitats on small mammals (Rosen
zweig and Winakur 1969), lizards (Pianka 1975), and birds (MacArthur et
al. 1966, Cody 1974) positive correlation was found between species
diversity and FHD. The disagreement between the nature of the results

found in natural and man-made habitats can probably be interpreted
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in terms of differences in colonization rates and the size of the stres
plots. This is because the stress treatments can be regarded as small
istands (2 ha, each) located in the middle of a “ses of shortgrass
prairie habitat."

Natural grédient of grassland habitats shows that the number of
small mammal species increased from shortgrass to tallgrass prairie
habitat (French et al. 1976). Peromyscus leucopus, Reithrodontomys
montanus, Sigmodon hispidus, Mus musculus, and Blarina brevieauda
appeared in mixed-grass and tallgrass habitats but not in a shortgrass
habitat (French et al. 1976). Brown (1973) postulated that the number
i species that can be found in a given area is dependent én interac~
tions between ecological, biogeographic, and evolutionary factors. The
number of habitats or patches as an additional factor was sugjested too
(MacArthur et al. 1966, Rosenzweig et al. 1975). The evolutionary
factor can probably be ruled out in the present study because of the
short time involved. The biogeographic factor, on the other hand, has
prebably played an important role in determining the number of species
in this study. Small mammal species that usually can be found in struc-
turally similar habitats to those formed in the stress plots, probably
have not invaded them because of geographical barriers, the size of the
treatments, the short time that was available for colonization, or a
combination of the above factors. Furthermore, ecological factors
(e.g., competition) were probably also responsible not only for the
different community compositions formed, but also for fhe number of
species that colonized the area. A few Individuals of Mus musculus were
caught in the nitrogen + water treatment but did not persist in the

area. A long list of evidence suggests that interspecific competition
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between Microtus and Mus and between Peromyscus and Mus limits the
distribution of the latter species (Wirtz and Pearson 1960, Caldwell
1964, Caldwell and Gentry 1965, Delong 1966, Lidicker 1966, Batzli
1968). Thus, it is not unlikely that interspecific competition was
responsible for the absence of stable population of Mus musculus in my
study area.

Therefore, | concluded that biogeographical as well as ecological
factors weré probably the major causes that may explain the inverse
relation between species diversity and FHD obtained in this study. A
theoretical model has been provided by MacArthur and Wilson (1967) to
account for variation in the diversity of species on islands. This
model attributes the number of species to an equilibrium between rates
of recurrent extinction and colonization as a function of the island
size and Its distance from the source populations. The model was late
applied to organisms inhabiting caves (Culver 1970}, mountain tops
(Brown 1971), lakes (Barbour and Brown 1974), and was further develope
for patchy environment (Levins and Culver 1971, Horn and MacArthur 197
Levin 1974). However, since the stress plots have only existed for a
short time, and since little is known about the distribution of the
potential invaders, this concept will not be discussed further. Never
theless, two species (M. ochrogaster and R. megalotis) invaded the are
These species can be found in restricted habitats in northeastern
Colorado (D. S. Dobkin, pers. comm., unpubl. data), and thus could
invade the area rather rapidly.

Thus far t have discussed the difficulties that potential colo-
nizers may face. | have also shown that the differential abundance of

each of the species on the four habitats can be described by FHD.
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However, another factor--interspecific competition for food--may have
been responsible for the observed dffference of the community compos-
itions. Habitat preference and interspecific competition for food are
not necessarily independent {Sv3rndson 1949; MacArthur 1972; Fretwell
1372; Morris and Grant 1972; P. R. Grant 1972, 1976}, though usually it
is not clear which is the cause and which is the effect. Different
habitat priorities can cause a difference in the food taken, or similar
diets can cause a difference in habitat utilization. Both may be the

result of interspecific competition (MacArthur 1972).

Small Mammal Diet

To allow easy comparison between the diet of the small mammal
species on the different habitats, the diet data were grouped into three
categories: seeds, animal matter, and plant material (Figs. 11-14).
The major (>5%) diet categories for insects (order level) and plants
(species level except seeds) are presented in Appendix I. Because
individuals of R. megalotis were misidentified in earlier samples of the
population (see Methods), diet data were not available for this species.
Howevef, because it was possible to establish that in July 1975 only
individuals of RA. megalotis were caught in the nitrogen treatment, and
thus, the diet of R. megalotis in this treatment and date is known. The
feces consisted of 99% seeds and 1% plant material. This result is
consistent with the findings of Fisler (1965) and Smith (1936). Fisler
(1965) also reported that 'the appearance of the stomach contents of
[R.] megalotis remains constant throughout the year." Thus, i assumed
that R. megalotis had similar.diet throughout the study period and
across the three treatments where it was captured, to the one diet

sample analyzad.
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The diet of the other members of the community changed considerab
between sampie dates (Figs. 11-14), By and ldrge, it seems that most
species overlap to a relatively great extent, at least during one or
more sampling dates. For example, M. ochrogaster, which is primarily
herbivore (Baker 1971), was found to take up to 40% insects in August
1975 (Fig. 11), and thus, exhibited a considerable amount of diet over
lap with the more insectivorous species (e.g., P. maniculatus (Fig. 12
S. tridecemlineatus (Fig. 13), and 0. leucogaster (Fig. 14)). Also, a
the species, except 0. leucogaster, were found to consume a relatively
high proportion of seeds. 5. tridecemlineatus usually hibernates duri
the winter; however, a few individuals were active in December o~ the
control treatment and their diet consisted of an unusually high propor
tion of plant material (Fig. 13).

Under the assumption that the food was limited, and in the light «
the somewhat high degree of diet overlap exhibited by the species in
some periods, interspecific competition for food may have been importa
in determining the species distribution.

Fecal analysis is the best method to study the diet habits of a
small.mammal population when its dynamics is under investigation, since
part of the population cannot be sacrificed for stomach analyses.

. However, differences in digestibility rate of different species may
create a bias when comparing diets of different species. Because no
other data were available, | assumed that the bias in the estimated
proporkions of the different prey species was of the same magnitude anc
direction for all the small mammal species and diet components. Thus,

treated the proportion determined by the fecal analysis as the correct

proportion of food taken.
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Interspecific Competition

All food categories from each of the sampling periods were used to
calculate competition indices using Levins! (1968) formula (Table 4, fo
formula see Methods). Competition coefficients for habitat were also
calculated with Levins' (1968) formula (Table k). Competition coeffi-
cients for habitat were calculated for each sampling date, using the
densities of the various species known to be alive in the different
treatments. Thus, for each sample date the habitat competition, which
was estimated across the habitats, measures the degree of competition
between species over all the habitats. The food competition, on the
other hand, measures the competition for food between species in each of
the four treatments, However, the estimated competition indices measure
only the potential competition between species in two different dimen-
sions of the ecological niche. The realized competition between the
species is some combination of both dimensions (Cody 1974, May 1975).
This is because competition betwéen species having similar diets, but
utilizing different habitats, is low, and conversely, the competition
between species that utilize similar habitats, but have different diets
is also low. Because it was found that individuals of the same species
usually had similar diet regardless of the habitat utilized (Table 5),
the two Teasured dimensions of the ecological niche were assumed to be
independent.

When the two dimensions of the habitat are independent, the real-
ized competition between species is calculated by taking the product of
the two competition matrices elements (May 1975). The result of the
product competition elements is presented in Table 6. For each treat-

ment and date, mean competition value of the community, computed as the
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Tabla 5. The degree of intraspecific similarity between diats of 5. tridecemiinsatus, M.
ochrogaster, and 0. leucogaster on the different treatments, Similarity Indices
were calculated using Whittaker {1952) [ndex of similarity. (C = Control, N =
Nitrogen, W = Water, NW = Nitrogen + Water).

May 1975 June 1975 July 1975
Treatment c Nw N C N N W C M N W
5. tridecemlineatus
W 0.71 0.71 0.62 0.17 0.24 0.22 0.62 =" .19
c - 6.74 0.78 - 0.20 0.49 - - 0.4
NW - -- 0.59 - -~ 0.53 - - -
0. laucogasater
¢ -- 0.74 0.54
M. osohrogaster
NW -- 0.47 0.60
August 1975 September 1975 December 1975 March 1976
Treatment C NW N W c Nw N W [ H W c N N W
8. tridecemlineatus
W 0.57 0 0.63 0.59 =~ g.57 e 0.60 -- 0,65
4 -~ =+ 0.84 - = 0.% == = s == == (.59
HW B == as - R - e aa
0. leusogaster
C 0.94 0.37 - -
M. ochrogaater
N 0.53 0.80 0.80 0.64

*
The calculation of diet overiap was not possible becayse the species was absent from one of
the compared treatments, both treatments, or fresh fecal pellets were not availfable.



51

‘BIep yoeD W

TANpummens 2y) sp) anpes L IRETSERTT e,

58] 33ds puisgena oy o) Bupprodse sion 5y setosds venpon ayy,

0071 W00 a0 0o o'y 20 600 [ 0 600 01307 00m Ruriuopanyzap §
o'l 96D Bt'o uayanfoons) sheoyolivg y
TP OO0 00°F  £Z'0 W00°Q0 /20 I0'0 O1'c €50 e o 00t S0 IS0 SN0 0071 16°0  omivsusgupoapiay engaydonands
goo‘e af'0 o0l So‘e te'o 99'0 0ot 900" 0 £9'0 00"t WO Y30 00| ANITINOIUDE enosfcang T
90’0 i00°0 %90 00') derenBonne mmroaoiy yaivy
oot 000 921 0ol [ ] o0t 9190 rBam 8 hwrzuaporys i ‘
00l 13'0 poo anyeboons) ehucofug ¥
29 ] a0 0g'1 S0 91 001 100 1Mt aspopra; wnpaydowindy ¢
oo Ul B { L 00 10070 001 YHG S00°0 poi #MIDEHoTuN snDRRenea] 7
®o 1oo"o 0oL wo 1oe'o 00| oot usgavBonye engaomy | -
001 900 051
#3orolow eRuoiuopanszien §
L 800 81 a1"e Koo 00'r 1670 o0°E £9°t IO asyorBoonsy shwoaicfug
100 oL 00 $€0 00°) oo w70 950 001 09°@ L6°0 0071 E0D°Q  Fveutiuscepiay empiydoweds {
s5°0 w'e ont 10°0 40’0 00"y me iy o6y PRI DTN ennefene 7
001 w1 asyepBoryoo enyodomy | ~ydag
#1301 vfow #fmoyucponisi §
£9'9 000 L ] 00 o0t S50 00k MO 9O awrjanbooney sheoyolug y
L] ot'o 0071 MO 010 001 [0'0 suveudIwecmspiray enprydowieds {
(10 ] o001 [ ] LN 0 St'o oy MIDIRCtom anonfwodsd
00°1 o000 500 00t 00 -0 J838pN0INN0 PMIOIDIN | Yenbny
g0 0L 000 {50 #1301b0ew whuog woponyiiey §
000  O0"1 00 00 (0'0 o004 100°'0 FI°¢ 000 00'Y WO 0l oy {10 eqerllanns) shwoyofiug y
#i'e 90'0 00k 0 QIT0 001 S2'0  engowrmpuecspidy enpiydasseds [
001 00'0 [ M 0 i00°0 001 ¥0 %11 00 anIDINoINTe ewcefworsg
00" 000 0'a 01°0 w83 8rfonoo IzolomN | L
*1107080w efmojucpony 1oy §
B0 000 80'V GOTE MO e 001 90 100 001 ZI'0D w0 00°1  Y0'¢ S0 Jsyanboons) shmoyofivg §
00’0 59°0 00t KO0 o o1 100 K0 SH'e 00°) SER £ (00 00"t S$5°0  enrbewzpesuspray wwpiydomrmds €
00 LITe 800 00" 0 700 o0 90'0 €9'0 00t Mo sito ootd ERIRIHOIUPe eHosfenany [
dpevfaiyco ansodoNg | wimg
WL ™o 000 10D
#130100ea phucyuopoayyiey §
9070 W> 80t gta 10T oo 00°1 W0 100 ex'0 0ol Iva e W1 £2°'0 #MyvenzIuecopray mptydowrsds |
e W 08t oo Mo cs1 iee Vs ooy on°0 ool snyppnoTuIw enoafing ¥
10°¢ 00 fa‘e  aeo'i v (00 700 0074 a87e0flouygos emjouom | ]
. H £ [ 1 . H 1 [ 1 . 1 [] H 2 o ¥ € K coyouds orvg
Anyws pur uebot) )N I oy (LI
H "pojsad Apnis aiy Sugsnp SIUSWITES] JURISJHR 4T YO PRUITIQe SODpave A3 jurmmsd wy) "G SRy

woRgeL go v .

T 9)R STUIII[)JA05 uo| Y| Tedeoy

1



52

sum of the competition coefficients over the number of competition
coefficients, was also calculated (Table 6). The mean competition valy.
represents the degree of interactions between all the commun ity members
(Lane 1975).

The values of the competition coefficients and the mean competitio
vatue for the communities varied from treatment to treatment as could b
expected from the observed species distribution (Table 2), However, th
striking result was that the competition coefficients between most
species pairs, in each of the treatments, also varied to a great extent
from one sampling date to another (Table 6). The fact that competition
coefficients between species pair may vary with time is an important
aspect ignored by many scientists. From the long list of studies on
competition known to me, only one paper considers the temporal vari-
ability of the competition coefficients (Lane 1975). Studies that
concentrate on one season of the year can, thus, lead to incorrect
conclusions on the degree of interaction between species,

MacArthur and Levins (1967) have suggested a theoretical limit of
similarity between species beyond which coexistence is impossible. The
limiting similarity is approached when similar normal distributions of
resource utllization for two species have means which are displaced by
one standard deviation (May and MacArthur 1972). Two such distributions
have an overlap value of approximately 0.6 (May and MacArthur 1972) .

The results presented in this study support the prediction that
resources are not necessarily limiting through al! seasons of the year
(Fretweltl 1972; J. A. Wiens, pers. comm., ). Therefore, the competition
coefficients may vary from low values (<0.6) indicating nonlimiting

resources, to high values (>0.6)} which probably indicate limiting
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resources, The opposite may also be correct; during periods in whick
the resources are superabundant high ecological overlap'is possible,
and, conversely, during periods of resource shortage the ecological
overlap is low. Schoener {1974b) has suggested a method to calculate
the degree of competition between a species pair when the abundance ¢
the resources is also considered. Unfortunately, this index could nc
be calculated because not all the food categories in the environment
were sampled. Also, because only the energy stored in the resources
known, rather tﬁén the quality of the resources, a calculation of thi
index would be less than fully useful (see also Discussion below),

Although most of the competition coefficients were relatively
small, some were quite large {Table 6). This suggests that the syste
is unstable. To investigate the stability of the small mammal commur
ties ! generated one competition matrix for each treatment. The ele-
ments of these competition matrices consisted of the.highest competit
value recorded for each species pair in each treatment during the sti
(Table 7). Thus, each of the four matrices contains a 'bottleneck"
(Fretwell 1572) for the interaction between species. Stability analy
(May 1973) "conducted on these competition matrices indicated that all
the communities were not stable. This result, indicating that the c¢
munities are unstable, is supported by the trénsient nature observed
the species composition and abundance (TabIeVZ), and the fact that sc
species exhibited high competition coefficients.

It is questionable if food was limiting at any time during the
study. Grant et al. (1976) estimated that Bétween 1571 and 1974 the
total monthly consumption of plant material-byAsmall'mamméls never

exceeded 4% of the standing crop on the same treatments studied in tf
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Table 7. Yearly comﬁetition matrices. The elements of each matrix
are the highest competition value recorded for each species
pair in each treatment during the study.

L

Competition matrix

Species
' 1 2 3 4
Control _
1 P. maniculatus 1 1.16 0.37
2 S. tridecemlineatus 0.91 1 1.16
3 0. leucogaster 0.46 1.63 i
Nitrogén
1 P. maniculatus I 0.83 0.06 0.01
2 5. tridecemlireatus 0. 85 1 0.58 0.38
3 0. leucogaster 0. 14 0.91 1 0.00
4 R, megalotis 0.09 0.57 0.00 1
Water
1 M. ochrogaster 1 0.02 0.03 0. bl
2 P. maniculatus 0.02 1 0.66 0.01
3 8. tridecemlineatus 0.01 0.53 1 0.03
b R. megalotis 1.38 0.09 0.32 1
Nitrogen + water
1 M. oehrogaster i 0.66 0. 1 0.55
2 P. maniculatus 0.05 ] 0.65 0.01
3 5. tridecemlineatus 0.1t 1.09 i <.01
4 R. megalotis 1.50 0.09 0.02 1

e

“The column species is corresponding to the numbered species on each
treatment.
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present work. Monthly consumption of arthropods ranged from less than
1% to 34% of the arthropod standing crop (Grant et al. 1976). Similar
results were obtained in other studies on the energetics of small mamm:
communities (Chew and Chew 1970, french et al. 1976). However, the
above studies took into consideration only the energy demands of the
small mammals and the energy stored in the plants and arthropods. Othe
factors like nutrition (Pulliam 1975) may have been in limited supply.
Grant et al. (1976) report that wild Mierotus could not survive when
they were brought to the laboratory and fed only forage that had over-
wintered.

Thus, it seems that although from an energetic point of view small
mammals are probably not food Timited, other factors such as the amount
of nutrients may be in short supply.

The niche breadth, a measure of the degree of generalization of
species {Lane 1975), can be used to investigate the importance of compe
tition for food between the species. |f competition for food was an
important factor, we might expect to find differences in the food niche
breadth of a species {Table 8) when its competitor was present (partial
niche) or absent (fundamental niche) (Vandermeer 1972). This type of
analysis could be done with limitations for two species in this study:
for 5. tridecemlineatus when 0. leucogaster was present or absent, and
for M. ochrogaster when the combined individuals of two species, P.
maniculatus and R. megalotis, were abundant or rare. In both cases, th
niche breadths of the species were significantly smaller (t-test, P <
0.02) when the competitor was present than when it was absent (Tables
9 and 10). A similar type of niche breadth shifts in the presence of a

competitor was observed in lizards (Schoener 1969, 1970; Jenssen 1973)



Table 8. Dlet diversity (H'") and niche breadth (B) based on dlet of the small mammal specles on the differen
treatments.
Peromyscus ,  Microtus Spermonhilus Onyehomyg Retthrodon tormya
Month Treatment manteulatus ochrogaster  tridevemiineatus leucoguster megalotis™™
HII B Hll B H’l B Hll B Hll B

May Control 1.45  4.25 1.84 6.29

Nitrogen 1.45 4 25 2.02 7.54

Water 1.45 h.25 1.65 5.18

Nitrogen + water 1.45  h.25 0,95 2.70 1.63 5.12 0.06 1.06
June Control 1.32 3.75 1.29 3.65 .53 4.60

Nitrogen t.32 3.75 t.he 429 1.20 Lh

Water 1.32 3.75 1.67 5.3 1.79 5.98

Nitrogen + water .32 .75 1.77 s5.85 .14 3.2 .06 1.06
July Controt 1.26 3.52 1.54 4.65 0.48 1.61

Nitrogen 0.67 1.95 0.76 2014 0.06 t.06

Water 2.3t 10.07 1.01 2.75 0.06 1.06

Nitrogen + water 2.12 B.32 0.06 1.06
August Control 1.37 3.94 1.22 3.40 0.63 1.88

Hitrogen 1.36 3.9 o 2.09

Water 1.86  6.42  1.hs 1.45 4,24

Nitrogen + water 2.28 9.79 0.06 1.06
September Cohtrol 0.8 2,36 1.49 k.42 0.32 1.3y

Nitrogen 1.79 5.99  1.3%  3.82

Water 0.86 2.3 1.35 3.87 1.88 §.54

Nitrogen + water 0.86 2.36 1.32 3.73 0.06 1.06
December Controi 0.50 1.8% 0.66 .93 1.09 2.9

Ni trogen "

Water 0.50 1.64 1.60 b.97 0.06 1.06

Nitrogen + water 0.50 1.6 1.54 4. 48 0.06 1.06
March Control 1.92 6.85 ! 1.74 5.71

Nitrogen 1.92  6.85 1.88 6.52 0.06 1.06

Water 1.92  6.85 2.12 8.33 0.06 1.06

Nitrogen + water 1.92 6.85 0.55 .74 0.06 1.06
*The diet of Peromyscus maniculatus on all the treatments was assumed to be similar te the diet on the

control (for further infor

[T
The diet of

Reithrodontomys mega

{For Further information see tex

mation see text).

lotie was assumed to be constant on all treatments during the study
o).
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Table 9. Comparison of the average diet diversities and average niche
breadths of S. tridecemlineatus when 0. leucogaster was
present (standard error in parentheses).

Species . N Niche breadth Diversity
0. leucogaster Present 9 3.80 (0.42) 1.27 (0.12)
0. leucogaster Absent 4 6.51 (0.38) 1.87 (0.06)
t-test value 3.87 2.97

P 0.003 0.013

Table 10. Comparison of the average diet diversities and average nich
breadths of M. ochrogaster on the nitrogen + water treatmen
when the combined number of individuals of &. megalotis and
P. maniculatus were abundant (>11) or rare (<k) (standard
error in parenthesis).

Species N Niche breadth Diversity
R. megalotis Abundant 4 3.74% (0.93) 1.21 (0.27)
R. megalotis Rare 2 9.06 (0.73) 2.20 (0.08)
t-test value 3.62 2.38

P 0.023 0.076
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and birds (Werner and Hull 1976). Unfortunately, in both cases the
change in the niche breadth by species in this study could have resulte
from a seasonal change in food abundance. 0. leucogaster was absent
from both the nitrogen and the control treatments, and R. megalotis was
absert from the nitrogen + water treatment only in the spring periods of
both years. Note that in the spring the niche breadth of S, tridecem-
lineatus showed an increase in size while the niche breadth of 1.
ochrogaster showed a decrease in size. Thus, although the change in
niche breadth may be a seasonal change, competition for food cannot be
excluded. Furthermore, because the change in niche breadth was in
opposite directions for the two species it seems likely that competition
should be implicated in this change.

Even if food was always abundant and thus no competition for food
occurred, interspecific competition still could have been important. P.
R. Grant (1972) argued that competition for space also could be advan-
tageous for the species. He claimed that natural selection should favor
an overall reduced density in prey species utilized by a predator that
exhibits numerical and functional response (Holling 1959). Reduced
overall density will result from competitive interaction between such
prey species which would lead to habitat selection. This is because the
total density will be reduced when each species will be limited to one
habitat. This type of competition will result in overall reduced
overlap between habitat utilization of different species and may explain
the distribution of the small mammal species observed in the present
study. This type of relation has been experimentally shown to exist for

P. maniculatus and M. pennsylvanicus (P. R. Grant 1972, 1976).
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Furthermore, each species has a competitive advantage over the other
species in its favorable environment (Grant 1976).

Further indirect evidence indicating that competition may be an
important factor emerges in studies by Oftedahl (1976). Oftedah!
artificially increased the vegetational structure and cover through th
addition of straw and pine boughs to the shortgrass prairie. My ex-
periment and that by Oftedahl were conducted simultaneously in a nearb
area; similar vegetation occurred on my control plots and his plots.
Neither M. ochrogaster nor R. megalotis invaded this experimental area
Thus, it was possible to examine the impact of the presence of the two
new species {and thus, perhaps, competition from these species) on the
distribution and abundance of other species in my study area. No ‘
significant differences were found between the populations of Q.
leucogaster and P. maniculatus before and after the addition of the
cover relative to the populations of these species on a control plot;
however, there was a significant increase in the population density of
5. tridecemlineatus on the cover treatment relative to the control
treatment (Oftedahl 1976).

In my study the vegetation cover and structure was modified by the
growth of the vegetation stimulated by the addition of nitrogen, water,
or both. This increased biomass of vegetation, and thus, seed and
insect biomass in my study also could be used as food which might allow
higher population densities. However, the results of my study show a
decrease in population numbers in two of the species (P. maniculatus an
S. tridecemlineatus) which were rare on the nitrogen + water treatment.
The third species (0. leucogaster) was absent from the water + nitrogen

treatment throughout the study period. P. maniculatus was also less
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common on both the nitrogen and the water treatments relative to the
control treatment. 0. leucogaster was absent from the water treatment
and less common on the nitrogen treatment relative to the control
treatment.

Another basic difference between my experiment and that of Oftedah]
was that two treatments in my study were irrigated during the growing
season (May through September). Thus, the reported differences in
rodent communities could be explained in terms of differences in avail-
able moisture. However, if the difference in the amount of moisture
between the two experiments was the only factor responsible for the
habitat preferences exhibited by the species in my study and apparent
lack of habitat preferences in Oftedahl's (1976) study, it seems reason-
able that the difference should have disappeared during the 7 months
when the treatments were not irrigated. The results in my study show
that the differences in habitat utilization between the species were
consistent throughout the year and appear to be unexplainable solely in
terms of the difference in the type of vegetation cover or irrigation.

Thus, | concluded that the difference in the small mammal communi-
ties formed on the four treatments was not only the result of the
increase in vegetation cover and biomass, but also other factors, like
interspecific competition, probably played an important role in deter-
mining the community structure.

The evidence suggests that habitat priorities per se cannot explain
the observed distribution of the small mammal species studied. To test
whether interspecific interaction might be more important than habitat
priority in determining ;ommunity composition, a new experiment would be

needed. In this experiment the treatment should be replicated and
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fenced enough times so that the survival of each species in all habita
can be measured in absence of competition. Unfortunately, this type o
experiment has not been done to date. However, at least for M.
ochrogaster the information available in the literature is probably
sufficient to allow assessment of the importance of habitat type on th
distribution of this species. The relationship between Microtus
populations and vegetation cover has been documented in several studie
(Eadie 1953, Zimmerman 1965, Batzli 1968). Microtus species do not
occur in heavily grazed rangeland (Martin 1956) nor in mown fields
(LoBue and Darnell 1959), although they reinvaded after regrowth of the
vegetation (Batzli 1968). Thus, | can assume that the invasion of M.
ochragaster in 1971 was a response to the increase in vegetation cover
and biomass in the nitrogen + water treatment. Given the bioldgical
characteristics of Microtus (Baker 1971), it seems unreasonable that M.
ochrogaster has not invaded the shortgrass prairie habitat because of
competitive interaction with the other small mammal species that exist
there. Nevertheless, Grant (1976} showed experimentally that in the
absence of competition, Microtus invades suboptimal habitats. Héwever,
the same argument is probably incorrect in explaining the distribution
of the '"native'" species. 5. tridecemlineatus and P. maniculatus were
extremely rare in the nitrogen + water treatment, and O. leucogaster we
completely absent in this treatment. P. maniculatus has been shown to
utilize Microtus grassland habitat when M. pemnsylvanicus was removed,
but limited its activity to the woodland part of the exclosure when
Microtus was reintroduced to the exclosure in moderate densities (P. R.

Grant 1971, 1972). Grant's experiments support the assumption that
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competition induced by M. ochrogaster 1imited the distribution of the
"mative" species.

An experimént in which the two invaders (R. megalotis and M.
ochrogaster) to the nitrogen + water treatment are excluded is being
conducted presently. The results of this experiment will support or
refute the hypothesis that competition played an important part in
determining the species distribution and abundance.

In summary, indirect evidence suggests that interspecific competi-
tion has played an important role in determining small mammal abundance
and community composition in different stress plots. Indirect evidence
also suggests that habitat priority per se probably was responsible also
for the observed distributions. Thus, it was concluded that both fac-
tors, habitat selection and interspecific competition, were responsible
for the observed distribution; the relative importance of each factor

cannot be determined from the present data.

Food Supplement Experiment

The abundance of food as a regulatory mechanism in population
dynamics has received considerable theoretical discussion (Lack 1954a,
Hairston et al. 1960, Slobodkin et al, 1967, Ehrlich and Birch 1967} .
Field experiments have produced controversial results. Bendell {1959}
has shown that addition of food increased the population density of
Peromyscus leucopus. Smith (1971) concluded that supplementary food is
an important limiting factor in the population dynamics of Peromyscus
polionotus. Fordham (1971) also showed a similar response to excess of
food by P. maniculatus. Lack of response to food addition was reported
for M. californicus (Krebs and Delong 1965) and for P. maniculatus in a

shortgrass prairie habitat (0Oftedahl 1976).
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tn the light of the inconsistency of results from food supplement
tion experiments and the importance attributed to competition for food
an experiment was initiated in May 1975 in which alfalfa pellets and
whole oats were added to a 1-ha plot (Fig. 2). If food were initially
limiting, addition of alfalfa and oats should have resulted in competi
tive release, and thus, increased population densities. However, no
significant difference was found between the density of the small mam-
mals in the control and food plots (Table 11). This result may sugges
that food was not an important factor and that the observed densities
the small mammals on the food treatment were determined by other fac-
tors. However, this conclusion may be misleading because the three
native species that inhabited the food treatment during the study are
primarily insectivorous and take seeds in relatively small amounts.
Thus, the results of the food experiment cannot be interpreted as lack
of competition for food between the species. Rather, the type of food
that was added to this treatment did not increase the major food type
availability for these species. Because the Y"native'" small mammal
species did not utilize heavily the food added and because in the winte
time other seed consumers are rare in the area, the new resource accumt
lated slightly during the winter months. However, in March 1976 a new
species, Dipodomys ordii, invaded the area and persisted in relatively
high densities through August 1976 when the experiment was terminated
(Table 11). Other consumers such as insects and birds {principally
Horned Larks, Eremophila alpestris) also took advantage of the added
food, but because large quantities were added, it was always available.

D. ordii can be found in northeastern Colorado mainly in roadside

ditches (Flake 1971; pers. obs.) and areas of shortgrass prairie
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dominated by fourwing saltbush (Atriplex canescens) (pers. obs.).
However, this speciés does not reside in other habitat types of the
shortgrass prairie. An intensive summer trapping in the last five
summers failed to catch resident D. ordii in the nearby control area
(Fig. 2). Also, trapping around the food treatment during this study
failed to catch individuals of this species. The individuals of D.
ordii caught on the food treatment apparently used burrows inside the
area since animals released from traps retreated to nearby barrows, a
since there was an abundance of food and taijl prints of D. ordii near
the burrows in this plot. Also, because the individuals were marked,
it was possible to determine that most individuals of D. ordii were
resident in the area.

D. ordii is mainly a seed-eating species (Brown and Lieberman 19
Rosenzweig et al. 1975}, and thus, it is not surpfising that it re-
sponded to the excess of seed suppiemented. Diet analysis confirmed
that oats consisted of 95% of the individual's diet. Therefore, it w
concluded that the invasion of D. ordii to the food treatment was mos
likely a response to the addition of the seeds. If this conclusion i
correct, most shortgrass prairie habitats are not inhabited by D. ord:
because food (seeds) availability is insufficient to support stable
populations of this species. Also, the seed addition increased the
species diversity of the small mammals in this p1ot relative to the
6ther treatments (Fig. 10). it is still unknown whether seed avail-
ability per se limits the distribution range of D. ordii in shortgrass
prairie habitat, or whether the availability of seeds of a certain siz

is the limiting factor. The latter seems to be the case because D.
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ordii is found in northeastern Colorado in locations dominated by plants
which produce large seeds.

The response of D. ordii to excess food increased the species
diversity of the small mammals in this plot to values which were higher
than the species diversities of the small mammals on the other treat-
ments (Fig. 10). This result supports the findings of Rosenzweig (1973)
and Brown (1973, 1975). They concluded that species diversity of desert
granivorous rodents increases as a function of food availability.

In summary, | have presented evidence that is consistent with the
hypothesis that the distribution of D. ondii in the study area and
probably in most shortgrass prairie habitats is limited by seed avail-
ability. The three '"native'" species did not respond to increase in food
abundance, probably because the type of the food supplemented is not

utilized heavily by these species in natural habitats.

Summary and Conclusions

Studying animal community structure in perturbed systems offers a
unique opportunity to gain insight into the functioning of these com-
munities (Smith 1970, Barrett et al. 1976). This is because species
that have evolved to coexist in a certain type of environment are
suddenly faced with patches of very unusual habitats. In these patches
differences in community composition may be easier to detect than in the
more homogeneous natural habitat. Also, if the perturbation results in
a very different habitat type, rare species that usually lived in a mar-
ginal subhabitat (Hairston 1959) may become dominant and influence the

distribution and abundance of the dominant species in the natural

habitat.
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The present study reports the response of a small mammal communit
in a shorteurass prairie habitat to habitat manipulation. Six I1-ha plo
were manipulated since 1971 through the application of water, nitrogen
or both., Two additional 1-ha plots which were natural shortgrass
prairie served as control. The response of the small mammali species ti
the perturbations between 1971 and 1974 has already been reported (Gra
et al. 1976). The present study was conducted in 1975 and 1976 and wa:
partiy designed to understand the mechanisms causing the differences
between species abundance and distribution reported by Grant et al.
(1976) .

The vegetation biomass and structure in the six 1-ha stress plots
responded dramatically to the perturbation treatments. The highest re-
sponse was recorded in the nitrogen + water treatment, and intermediate
responses were recorded in the water and the nitrogen treatments. The
vegetatioﬁ response resulted in structural representatives of the
natural gradient ranging from shortgrass prairie to habitat equivalent
to tallgrass prairie. Thus, through the application of the stress
treatments a local representation of habitats which otherwise can be
found only on a large geographical area has formed.

Two new species of small mammals (Microtus ochrogaster and
Reithrodontomys megalotis) have colonized the nitrogen + water treated
areas. These two species usually inhabit only restricted patches in
northeastern Colorado.

The three 'native! species (Peromyscus maniculatus, Spermophilus
tridecemlineatus, and Onychomys Leucogaster) have responded differ-
entially to the change in vegetation cover, biomass, and structure.

Both processes, colonization by new species and the differential
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response af thé ']native'’ species, appear to have caused the formation of
different small mammal community compositions in the four treatments.

| assumed that two factors, habitat selection and interspecific
competition, have determined the observed distribution, and | tried to
analyze their relative importance.

The abundances of the species over the habitat gradient could be
predicted by FHD; the ''native' species abundances exhibjted negative
correlation with increased FHD, while the two ‘'exotic' species exhibited
positive correlation with FHD.

A negative correlation was found between species diversity and FHD,
This result, which is different from what has been found in natural
habitats (Rosenzweig and Winakur 1969), is interpreted in terms of
coionization rates. Biogeographic as well as ecological factors might
explain the inverse relation.

The importance of interspecific interaction was analyzed by calcu-
lating competition coefficients for the food and habitat dimensions of
the ecological niche. A simple stability analysis revealed that all the
communities studied were unstable. This result may explain why the
communities fluctuated in terms of species abundance and composition.

A comparison with another study {Oftedahl 1976) in which the habitat
structure was also changed but the two "exotic" species did not invade
suggests that interspecific competition played an important role in
determining the observed species distribution and abundance. Although
it was not possible to distinguish between the relative importance of
habitat selection and interspecific competition, it was shown that both

processes were probably co-acting.
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The importance of food as a factor, which was responsible for
population regulation, was investigated in a separate l-ha plot to whi
alfalfa peliets and whole oats were added on a 2-week schedule. Mone
the three '"native' species responded to the excess amount of food.
However, a new species, Dipodomys ordii which usually cannot be found
habitat types of the shortgrass prairie ecosystem, invaded the area an
persisted in a relatively high population density. Because this speci
was not trapped in the control plots or around the food treatment, it
was concluded that the species invaded the area as a response to the
excess amount of seed supplemented. This experiment validated the
prediction that species diversity increases when the productivity
increases (Brown 1973, 1975; Rosenzweig 1973). This experiment also
suggests that seed abundance is probably the factor that limits the
distribution of D. ordii in some habitats of the shortgrass prairie.

Interspecific competition, habitat selection, and food abundance
represent only three mechanisms suggested to account for species abun-
dance and distribution. Only Microtus ochrogaster was abundant enough

to allow investigation of other factors which may regulate the popula-

tion abundance.



MICROTUS POPULATION DYNAMICS

Many hypotheses have been suggested recently to account for fluc-
tuations in smalf mammal population densities. Cole (1954) has postu-
lated that the changes in population density can be explained by random
events. Elton (1925) suggested that fluctuations are caused by disease
outbreaks at dense population, and later he (Elton 1929) argued that
weather may be responsible. Lack (1954b) reasoned that fluctuations are
caused by food shortages at peak population, and that these shortages
cause mortality. Later Pitelka (1964), Batzli and Pitelka (1970),
Batzli (1975) and others postulated that microtine populations, at peak
densities, deplete thé available nutrition in the plant food resulting
in population declines. Pearson (1964, 1966, 1971) suggested that
mammalian carnivore predation during a crash and especially during the
early stages of the subsequent population low determines to a large
extent the amplitude and timing of the microtine cycle of abundance.

Christian and Davis (1964) claimed that phenotypic changes are
adequate to explain why populations decline. They suggested that endo-
crine feedback mechanisms can regulate and limit population growth in
response to increase in overall '"social pressure.' Chitty (1967), on
the other hand, argued that hypotheses involving predation, endocrine
imbalance, disease, or food depletion were insufficient to explain
cyclic changes in vole population density. He proposed that cyclical
fluctuations are due to changes in the selective advantages of certain
genotypes as density changes. He contended that as the population
increases, so does mutual interference. Thus, selection favors aggres=-
sive genotypes at the expense of other components of fitness, especially

viability. Consequently, the aggressive types are more susceptible to

70
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nonspecific mortality factors, and this susceptibility sets the stage
for the population decline. Krebs and his students (Krebs 1964, 1966;
Krebs et al. 1969, 1976) have presented inconclusive evidence in favor
of Chitty's hypothesis. Recently Freeland (1974) hypothesized that the
loss of individuals from vole population at peak densities is the direc
resuit of reduced viability induced by the consumption of plants or
plant parts containing toxic compounds. This hypothesis was challecnged
by Batzli and Pitelka (1975) and by Schlesinger {1976).

Al though each of the above hypotheses seems to offer an explanatic
for the cyclic changes in population density, none of them can explain
all the observed events during the cycle, and probably more than one of
the discussed mechanisms is responsible for the cyclical phenomenon
(Lidicker 1973, Wilson 1975).

The purpose of this paper is not to offer a new hypothesis.
Rather, | want to point to some difficulties in interpreting and com-
paring the results obtained from studying noncyclic population of M.
ochrogaster in manipulated shortgrass prairie with the recent theories

and intensive field work conducted by Chitty and Krebs.

Results
Population Status
The total number of Tndividuals known to be alive on the two repli
cates of the nitrogen + water treatment since 1971 is presented in Fig.
15a. Although no winter trapping has been conducted between 1971 and
1974, it seems that the data represent the dynamics of the two popula-
tions of M. ochrogaster. This is because the two populations showed a

fairly uniform pattern of population changes with peaks in late summer
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or fall and minimum numbers in April and May. In April of 1974 the
minimum sizes of the two populations were somewhat larger than the
minima for all other years. This relatively higher density could repre
sent the real minimum of this spring or it could be that by the time tt
sample was taken the two populations were already increasing after an
earlier minimum in this year.

The general picture of the dynamics of the two populations is that
of fairly regular annual fluctuation with peaks in late summer and
lowest density in late spring. No other multi-year fluctuations of 2-t
b-year cycle, which are so common in microtines, could be detected.
Every year the two populations declined to approximately the same minin
size (Fig. 15a). Indeed, regression analysis of the minimum population
size, as a function of year, produced slopes that were not significantt
different from zero (P = 0.33 in replicate 1 and P = 0.09 in replicate

The level of populations after the nonbreeding season has been
termed 'primary density' by Varshavskii et al. (1948). Martin (1956)
'reported that in a 2-year study of M. ochrogaster in northeastern Kansa
the population declined to a similar density after the nonbreeding
seasons. However, in Martin's study which was conducted in tallgrass
prairie (Table 12) the ''primary density' was much higher than the one
observed in the present study (50 and 16 individuals, respectively).

Another characteristic of the population dynamics was the progres=
sively linear increase in peak population abundances from year to year
during the study period (Fig. 16), though the two populations were
growing at different rates (t = 2,46, P = 0,04). Hamilton (1937) and
Hoffman (1958) also found a progressive yearly increase in population

peak densities in M. pemnsylvanicus and M. californicus, although in
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OO~ sReplicate { r 22099 p< 0.00]
oReplicate 2 r?2 =0.97 p< 0.00I

80 Y =0.60+15.3 X P s

I | 1 1 1 1
1971 1972 973 1974 {975 - 1976

NUMBER OF INDIVIDUALS AT PEAK POPULATION

Humber of M. ochrogaster individuals known to be alive
at peak populations between 1971 and 1976. The two
slopes are significantly different (P = 0.04).
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both studies the progressive Increase in density was within a defined
cycle. (For locality and habitat used in the above studies, see Table
12.)

In order to allow for easy comparisor between the data presented in
this study and those collected by other investigators (Pearson 1966,
Krebs et al. 1969, Lidicker 1973) the data presented in Fig. 15a were
replotted on a semi-logarithmic scale (Fig. 15b). Before continuing
with the discussion some terminolqu should be clarified. In a regular
cycle most populations follow a pattern that includes a population
increase phase, peak population phase, and a decline phase. Chitty
(1955, 1967) described three patterns of cyclic population declines,
Krebs (1964) has adopted these definitions and also described other
patterns. However, a decline within the peak phase, namely, a spring
decline within two high population densities, was usually disregarded
and interpreted as common phenomenon of small mammal populations which
is probably associated with social strife at the beginning of the breed-
ing season (Myers and Krebs 1971a). This type of decline within the
peak phase can reduce the population to a moderate or to extremely low
size. A decline of the type described for M. ochrogaster, to a level of
13 individuals (Krebs et al. 1969, their Fig. 5), or even to eight
individuals (Myers and Krebs 1371a, their Fig. 4) was not interpreted as
a population crash that usually follows the peak phase. A population
crash is usually considered to exist when the population declines from a
high peak density to an extremely scarce density of about three individ-
uals per hectare (Pearson 1966, Krebs et al. 1969). If this terminclogy
s adopted for the present study, then the two populations of M.

ochrogaster described in this study were at their ""peak phase'' at least
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since June of 1972 (Fig. 15b). Within this ''peak phase'' the population
were fluctuating annually simply due to differences between the breedin
periods (when the number of new recruitments entering the trapable
populations offset the number dying) and the nonbreeding period {when
the populations were declining as a result of natural mortality).

The two populations of M. ochrogaster exhibited similar patterns o
population density changes over time. However, there were differences
in density between the two populations. From 1971 to 1974 this density
difference ranged froh a few individuals to 20 in October 1972 and in
August 1973 (Fig. 15a). With one exception (May 1976) from 1975 to 197
a consistent difference in the order of 20 individuals was found betwee
the two populations. Furthermore, the two populations exhibited a sig-
nificant difference (P = 0.04) in the growth rate of peak densities
{(Fig. 16).

Although the two replicates of the nitrogen + water treatment were
only a few meters apart (Fig. 2), few individuals moved from one repli-
cate to the other. Only 12 individuals from a total of 228 individuals
which were caught more than once, moved between the replicates.

Because the two populations exhibited a considerable difference in
density in 1975 and 1976, and since most of the analysis is conducted
for this period, | chose to analyze the two populations separate]y.

In summary, whatever terminology we may prefer to use, it is clear
that the two populations studied were not exhibiting the usual 2- to 4-
year cycle, and insteéd they were undergoing a regular annual fluctua-

tion in abundance as well as progressively increasing in peak densities.
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Habitat

The yearly progressive increase in peak population densities might
have resulted from progressive increase in their food biomass on the two
replicates of the nitrogen + water treatment. A large proportion of the
vole's diet in 1975 and 1976 was found to consist of blue grama
(Bouteloua gracilis) and fringed sagewort (Artemisia frigida), and it
was assumed that the same proportion was taken in earlier years, The
total herbage biomass probably represents the total production of the
area and the amount of cover (Mueller-Dombois and Ellenberg 1974). The
average monthiy biomass of blue grama, fringed sagewort, and total
herbage biomas§ in the growing seasons since 1971 are pPresented in Figs.
15c,d,e. No significant correlation was found between vole abundance
and the total (dead and alive) herbage blomass (r = 0.25), blue grama
biomass (r = 0.17), fringed sagewort biomass (r = 0.18), or the sum of
the latter two (r = 0.24). This was'probably because the Microtus
populations were progressively increasing from year to year while the
herbage biomass reached its peak in 1972 and then decreased (Fig. 15).
Thus, | concluded that the amount of food or cover available in the two
replicates of the nitrogen + water treatment probably did not regulate
the population densities, and therefore, could not account for the pro-
gressive increase in vole's abundance.

.Because only in 1975 and 1976 the Microtus populations were sampled
throughout all the seasons of the year and because the data collected
from individuals betwgen 1971 and 1974 were not as extensive as in the
last 2 years of the study, most of the following discussion is concen-

trated on the data collected in 1975 and in 1976.
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Demographic Parameters

Recently, several investigators have pointed to the relationship
between population demographic parameter changes and the cycle phases
(Chitty and Phipp 1966, Chitty 1967, Krebs et al. 1969). Because of tt
importance attached to these demographic changes during the cycle, it i
necessary to compare these components between cycling and noncycling
populations. A comparison such as this may reveal the differences
between the two population types and, thus, may point to the signifi-
cance of some of the demographic components leading to an understanding
of the factors that determine the cycles,

Reproduction. | used the position of the testes as an index of
reproductive conditions in males, and the size of the nipples and appal
ent pregnancy condition as a measure of reproduction for the females.
The reproductive activity of the individuals was measured by recording
the external appearance of live-trapped M. ochrogaster, and thus only i
crude measure of the reproductive activity was obtained (Krebs et al.
1969) .

The two sexes in both replicates showed a similar pattern of
reproductive activity (Fig. 17). Females on replicate 2 exhibited
higher reproductive activity in early May and June relative to replica
2. In both replicates a steady decrease in reproductive activity
followed the initial peak until December, when only one female per
replicate was found in breeding condition. Subsequent to December, th
proportion of fecund females increased and in late May of 1976 all the
females in the populations were in reproductive condition. The propor
tion of males in reproductive condition was similar in both replicates

and showed similar pattern to that found in females. The proportion o
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fecund females in May, June, and July of 1975 was lower on replicate 1
relative to replicate 2. Although the difference obtained in early
spring was based on small sample size, | believe that it accurately
represents the difference between the two populations. This fact along
with lower densities of both males and females on replicate 1 relative
to replicate 2 (Fig. 18) may explain why the two populations attained
different densities at peak population in 1975. Krebs et al. (1969)
found that in M. ochrogaster the ''reproductive intensity! of adults, as
measured by crude external sexual characteristics, seemed independent o
the cycle phases and showed only yearly variation. However, Keller and
Krebs (1970) claimed that the cyclic peak cannot be accounted for by the
differences in the reproduction during the main breeding season alone,
and concluded that 'the reproduction during the fall, winter, and
spring before the peak has appreciable effect on the number of reproduc
ing animals in the following season.' Only a negligible number of
individuals in reproductive condition (one of both sexes on each repli-
cate) was observed in my study during the winter period (Fig. 17).
Nevertheless, in the last 3 years of the study the populations of M.
ochrogaster attained similar peak densities to those reported by Krebs
et al. (1969) and in earlier years to those reported by Myers and Krebs
(1971a). Also, the smallest populations in the last 2 years were only
about 10 individuals per replicate. Furthermore, it seems that the
population density in May did not determine the population size at the
peak. Some 24 individuals inhabited replicate 1 in April of 1973 and
the peak density attained that year was 54 individuals. However, in
1976 10 individuals which inhabited the same replicate in May yielded 8

individuals in August of the same year. The Mierotus populations in
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this study were able to obtain these high densities faster than the
populations of M. ochrogaster reported by Krebs et al. (1969) (2.5
months and 1 year, respectively). Thus, | concluded that reproductive
activity in the season prior to the peak is not necessary to produce th
high numbers observed at peak population densities. This high rate of
increase can be explained by the fact that Microtus is polyestrous and
has a short gestation period of 21 days {Hatfield 1935, Hamilton 1941,
Fitch 1957). Also, fertilization is possible immediately after young
are born (Hamilton 1937). These characteristics probably prompted
Hoffman (1958) to state that microtines have the highest rate of increa
known for mammais.

Mortality. Mortality in a live-trapping study is equated with
disappearance of individuals from the trapable population and, thus,
includes dispersal (Krebs et al. 1969). Very few immigrants were caugt
on different grids and they will be discussed later.

Mean survival rate per month was high and relatively constant in
males and fémales of both replicates during the increase phase, the pe:¢
phase, and early decline phase (Fig. 19). However, survival rates in
the late decline phase decreased to a very low level, This happened as
most of the individuals on the two replicates disappeared. Survival
rates for M. agrestis higher than 0.7 (per 4 weeks) through most of the
year were described by Chitty (1952), D. Chitty and H. Chitty {1962),
H. Chitty and D. Chitty (1962), and Newson and Chitty (1962). High
survival rates were also reported throughout most of the cycle phases ¢
M. ochrogaster (Krebs et al. 1969). Chitty and Phipps (1966) describe
a sudden severe population loss in late spring similar to the one foun

in this study. During this severe loss the population lost in a short
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period exceeded the proportion lost in several months. Chitty and
Phipps (1966) concluded that the steady losses during the winter were
probably due to predation, disease, and other factors peculiar to the
locality, and the sudden losses were probably the result of inter-
specific strife peculiar to the species. No indication was found that
individuals in the decline phase were more susceptible to mortality thar
individuals in earlier phases of the cycle (Chitty 1967, Krebs et al.
1969). The mean survival rate for both sexes was highest in the peak
phase (0.82), intermediate in the increase phase (0.72), and lowest
during the decline phase (0.44). The differences between the three mear
survival rates are not significant (P = 0.71), although the survival
rates during the increase and peak phases are significantly (P = 0.05)
higher than the survival rate during the decline phase. Krebs et al.
(1969, their Table 7) obtained a similar pattern of survival rate
changes during a 2-year cycle, although survival rates in the increase
phase were slightly higher than survival rates in the peak phase.
Hoffman (1958) believed that mortality was the most important factor
regulating population size of M. californicus. He claimed that mor-
tality in the nonbreeding season is related to the size of the popula-
tion which enters this period. The same conclusions could be reached
for my study, since populations of different densities reached similar
low levels each spring (Fig. 15). However, this hypothesis does not
explain why most of the mortality occurred in less than 1 month in the
spring of 1976. Martin (1956) reports that individuals which were born
in the fall seem to have a longer life expectancy. He argued that thes
animals, born in fall and early winter, were more vigorous than their

older competitors, and therefore, were better able to survive the



86

winter. I'n Fig. 20 the survival rates of three cohorts are presented.
(A cohort is defined here as the unmarked individuals first captured at
a given sample.) These survival rates which were calculated from the
individuals of both replicates to increase the sample size can be used
to observe general biological trends in the three cohorts. It can be
seen (Fig. 20a) that the August cohort individuais survived better than
those of July and September, altthough the three cohorts had the same
survival rate in May 1976 when most of the population disappeared.
Individuals that were first caught in August and presumably born in July
were probably growing in a period when the abundance of new vegetation
was higher (new vegetation growth in the nitrogen + water treatment
occurred in June) relative to those born in early June and belong to the
July cohort. 0On the other hand, the August cohort individuals were
growing in a less dense environment {and thus less Eﬁtraspecific compe-
tition) than thqse born in August and belong to the September cohort.
This may be the reason for better early survivorship of the August
cohort individuals relative to those belonging to July and September
cohorts. Males were surviving better than females in the July cohort
(Fig. 20c,d), while females were doing better in the August cohort. |
do not have an explanation for the difference between the survival rates
of the two sexes.

In summary, the survival rates of male and female M. ochrogaster in
one annual fluctuation seem similar to those reported of cyclic popula-
tion (Krebs et al. 1969),

Sex ratios. The sex ratio of the two replicate populations flu-
tuated throughout the year (Fig. 21). Females dominated during late

summer and winter and males dominated in the other periods of the ye.: .
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The sex ratio calculated from resident individuals (i.e., from
those animals known to be alive) of both replicates showed that males
were only 46% of the trapable populations (X2 = 4,35, P = 0.05). On the
other hand, when the sex ratio of newly captured individuals was mea-
sured, no significant difference was found between the proportion of
males in the population and the hypothesized 1:1 ratio (X2 =0.132, P <
0.90). Myers and Krebs {1971b) showed the same result and suggested
that the skewed sex ratio may have importance in cycling vole popula-
tions. Laboratory matings of M. ochrogaster also yielded an approximate
1:1 sex ratio for the entire populations (Myers and Krebs 1371b). This
either means that for some reason the potential sex ratio of 1:1 is
altered in natural populations of M. ochrogaster or that once captured
males have a significantly poorer probability of being recaptured {i.e.
trap-shy). Martin (1956) suggested that the deviation from 1:1 sex
ratio is caused by greater wandering tendency of males (see also
Hamilton 1937).

In summary, annually fluctuating populations of M. ochrogaster
showed the same system of distorted sex and thus there are no grounds t
accept Myers and Krebs' (1971b) suggestion that the distorted sex ratio
may have demographic consequences in cycling small rodent populations.

Body weight. No significant difference was found between mean
weights of individuals (Table 13) from the two replicates averaged over
the study period (P = 0.31, Appendix IV). Also, no significant differ-
ence was found between the mean weights of males and females (P = 0.45,
Fig. 22). Thus, the individuals for each sex from both replicates were
combined for further analysis. Both sexes in this study showed a sig-

nificant change in weight with time (P = 0.003), although the variatior
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in the females' mean weight was higher than in males (Fig. 22}. Martin
(1956) also reported that female M. ochrogaster were likewise heavier
than males, probably due to a high proportion of pregnant females.
Generally, the weights of both sexes were highest during late spring and
summer and lowest in winter, with a peak weight in early fall (Fig. 23).
The differences between the mean weights in late spring and early sum-
mer, and those in winter and early fall are significant (P < 0.05) {Fig.
23). A similar trend of vearly change in mean weights was found in M.
pennsylvanicus (Hamilton 1941, {verson and Turner 1974) , M. oeconomus
(Whitney 1973), and M. agrestie (Chitty 1952). This is in spite of the
fact that these studies were conducted in different locations and habi-
tats (Table 12). |Iverson and Turner (1974) concluded that the weight
decrease in the winter resulted primarily from a combination of recruit-
ment of small animals and weight loss by older individuals. In the
present study, | found that these two factors were also responsible for
the drop in mean weight during the winter period. Exampies of weight
changes of different individuals are presented in Fig. 24, On the other
hand, many of the individuals first caught in the winter sample gener-
ally weighed little, although some individuals were heavy, Thus, the
mechanisms proposed for low weights during the winter period (lverson
and Turner 1974) seem appropriate to this study. Wunder et al, (1976)
showed that weight specific oxygen consumption of M. ochrogaster caught
in winter is 24% higher at 27.5°C and 29% higher at 7.5°C than that of
summer animals. However, the total energetic costs to maintain an
animal is the same at 27°C for both summer and winter animals. At 7.5°C
the total energetic cost is less in winter animals than in summer

(Wunder et al. 1976). Thus, they suggested that M. ochrogaster
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compensate for increased weight-specific thermogenesis in winter by
lowering body weight. Lowered body weight, however, can be caused by
higher energetic demands for thermo-regulation and lower food quality
during the winter time.

It has been shown that in cyclic populations of microtines the
population peak and late increase phases are characterized by having
adult males of relatively heavy body weight (Krebs 1964, 1966; Krebs
et al. 1969; Keller and Krebs 1370). In the early increase and decline
phases these heavy males are apparently rare or completely missing.
Keller and Krebs (1970) found evidence suggesting that the breeding in
the middle of the increase phase in M. ochrogaster is carried out by
animals which are of unusualiy high body weight (higher than 46 g).
Myers and Krebs (1971a) have shown for the same species that the heavy
males emigrate during the peak phase and suggested that selective emigr:
tion may cause a genetic change in the population. Because such signifi
cance has been attached to males with high body weight, a careful
comparison between males in cyclic and noncyclic populations seems very
important.

The body weight distributions of males captured during 1975 and
1976 noncycling populations are presented in Fig. 25. It seems that
males with body weights higher than 46 g were present through most of
the annual cyclie, though they were missing in early May 1975 when the
populations reached their lowest densities and were scarce in December
and June 1975, The bb-g weight level was established {(Keller and Krebs
1970) only to allow quick comparison of high weight distributions and
has no biological significance. The presence of heavy males found in

this study agrees with the weight change reported in cycling populations
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except that heavy males were present and abundant in my study during the
decline phase (Fig. 25) while they were missing in the decline phase of
a cycling population (Krebs et al. 1369, their Fig. 21). However, the
mean weight of the breeding males was significantly higher than the mea
weight of nonbreeding males (P = 0.002).

In summary, although the male body weight distribution is somewhat
different in annually fluctuating populations of M. ochrogaster, it is
found that males in reproductive conditions were significantly heavier
than males in nonreproductive conditions.

Population fluctuation. in a live-trapping program mortality' is
usually defined as the sum of actual mortality and emigration. Reprodi
tion is likewise defined as the sum of two processes: birth and immigr
tion. Thus, the population fluctuations observed in this study are the
result of these two defined processes of mortality and reproduction.

The two populations of M. ochrogaster showed an enormous rate of
increase in late spring of 1975 and 1976. In both replicates each yeai
the populations increased from an annual minimum of approximately 10
individuals to over 70 individuals per hectare in only 2 months (Fig.
16). This occurred at a growth rate of 110% per week. This value is
much higher than that reported for a single fenced population of M.
ochrogaster which reached abnormal densities (Krebs et al. 1969:594).
The tremendous rate of increase (Fig. 26) was replaced by approximatel
zero population growth during the peak phase in August through Decembe
The high rate of increase that followed the nonreproductive period
accounts for the great increase in abundance, and thus contradicts the

conclusion of Keller and Krebs (1970) that breeding during the
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nonreproductive season has appreciable effect on the peak density
attained in the following season.

Activity. Reports on the activity period of microtines are contra-
dictory. Martin (1956) concluded from a live trapping study that M.
ochrogaster is mostly diurnal, while Calhoun (1945} in laboratory
studies reported that the same species is nocturnal. Davis (1933)
reported that M. agrestis is nocturnal, and Hatfield (1935) concluded
that M. californicus is also nocturnal. Hatt (1930} reported that M.
pennsylvanicus is nocturnal while Hamilton (1937) concluded that the
same species is active mainly during the daytime. Thus, it seems that
different species of microtines as well as populations of the same
species in different Jocations and habitats may be active during dif-
ferent parts of the day.

During winter and early spring (December 1975 and March 1376,
respectively) voles in my study were trapped three times a day (0800,
1400, and 2200}. Thus, it was possible to compare the activity pattern
of individuals of M. ochrogaster. No significant difference (P = 0.30)}
was found between the mean number of individuals caught per trap-hour i
the three periods of the day considered in either March or December
(Table 14 and Appendix IV). These results suggest that in December and
March individuals of M. ochrogaster were equally active during each tra
period. Similar results were reported for M. californicus using auto-
matic photographic recorders (Pearson 1960). However, the day was
divided into three unequal periods which were scheduled to minimize tre
mortality. Thus, individuals could have been active only during the

daylight hours and still be represented in the three trapping periods.
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Table 14, Mean number of individuals of M. ochrogaster caught per hour
of trapping during December and March samples in different
periods of the day. Sample size (number of trapping days)
in parentheses,

Mean number of individuals caught/hr % standard error

Time of day
December March
Assuming active all hours
2200 to 800 1.8 £ 0.1 (&) 0.9 t 0.13 (4)
800 to 1400 2.4 £ 0.65 (2) 1.5 £ 0.25 (3)
1400 to 2200 1.7 £ 0.21 (3) 1.7 £ 0.61 (4)

Assuming active only during the daylight hours

600 to 800 9.0 = 1.46 (&) L1 £ 0.42 ()
800 to 1400 2.4 £ 0.65 (2) 1.5 £ 0.25 (3)
1400 to 1800 3.4 £ 0.46 (3) 3.5 £ 1.20 (&4)
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Under the assumption that individuals were active only during the
daylight hours {approximately 0600-1800), activity was greatest in earl
morning, intermediate in late afterncon, and smallest in late morning
and early afternocon. The differences between this activity pattern wer
significant (P = 0.02) between all the periods (Tabie 14 and Appendix
1}).

In summary, although it seems that individuals of M. ochrogaster
were equally active throughout the day, the result was changed if ;he
individuals were active only during the daylight hours.

Home range. Pearson (1960) working with M. californicus in annual
grassland has shown that several individuals, probably family groups,
all use the same runway system. He concluded that with increasing
population the number of mice using each runway system remains constan!
but the number of runway systems and, therefore, habitat utilization
increase. Lidicker and Anderson {1962), and Batzli (1968) who worked
the same habitat type and species also supported this suggestion. If
Pearson's (1960) hypothesis is correct and several mice use the same
runway system regardiess of population density, we shoutd expect to fil
similar home range size In high and low population density.

To determine home range sizes for the mice | studied, | used two
kinds of information. First, | used the mean maximum distance travele
by an individual that was captured at least twice as an indication of
the size of the home range, following the approach of Southwood (1966)
Second, | used radiotelemetry on selective males to determine their
position and movement in my study site (Appendix V). Both methods
showed that the size of the home range was independent of population

density (Table 15). Both methods may not measure accurately the home
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Table 15. Home range size (+ standard error) of M. ochrogaster in low
and high population density. Numbers in parenthesis
represent the sample size.

Popu}ation Home range sizeﬂf Index of the home range sizeE/
size (m?) (m)

LowS! 113.5 + 46.2 (4) 18.88 + 2.5 (53)

Highd/ _ 217.3 + 87.35 (W) 15.87 + 1.14 (131)

t-test 0.008 1.24

Probabitity >0.50 >0.30

E-/Home- range size was calculated by measuring the area enclosed by at
least 8 points recorded by radiotelemetry equipment. Only individ-
uals inhabiting replicate two of the nitrogen + water treatment were
used in this experiment.

E-/The max imum average distance traveled, calculated from all marked
individuals caught more than once on the nitrogen + water treatment.

E-/'Fhe: average number of individuals in a low population was 38 when
the home range size was measured by the radiotelemetry equipment and
68 when the maximum average distance index was estimated.

g-/The average number of individuals in a high population was 89 when
the home range was measured by the radiotelemetry data and 148 when
the maximum average distance index was estimated.
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range size, since the method of analysis based on mean maximum distanc
traveled may be biased by the number and location of traps, and mice
carrying transmitters have been shown to reduce their activity (Hamly
and Falls 1976). However, if both techniques were biased similarly by
low and high population densities, one has to conclude that home range
size was independent of the population density.

Dispersal. Dispersal has been suggested as a potential mechanisn
for population regulation in small mammals (Dice and Howard 1951,
Errington 1956, Sadlier 1965, DelLong 1967, Healey 1967), and Howard
(1949, 1960) has suggested a genetic basis for dispersal in small mam-
mals. Myers and Krebs (1971a) have shown that the frequencies of two
alleles are somewhat different between dispersing and resident indi-
viduals of M. ochrogaster and M. pennsylganiaus. A similar result for
M. townsendit was obtained by Krebs et al. (1976) who suggested that
emigration acts as a selecting force during the population increase, a
through this mechanism the composition of the resident population
changes from socially tolerant to socially intolerant individuals. Th
change in the quality of the individuals is assumed to cause populatic
decline (Chitty 1967). Neither the genetic composition of the residen
nor the dispersing individuals in my study is known. Mevertheless, a
comparison between the weight of resident and dispersing individuals i
cyclic and noncyclic populations can be made.

The two replicates of the water treatment plots which were adjace
to the nitrogen + water treatment plots carried only a few individuals
of M. ochrogaster. Because the population of voles in the water treat
ment plots was always very low (indeed, some censuses revealed no vole

in these plots}, | concluded that the individuals caught on this
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treatment were emigrants from the two nitrogen and water plots. The
fact that two marked individuals (out of a total of 19) were marked on
the nitrogen + water replicates before moving to the water treatment
further supports this conclusion. Most of the individuals found on th
water treatment weighed less than individuals on the nitrogen + water
plots. The average weight of males on the water treatment was 20.4 g
(n = 10) while the average weight of the same sex on the nitrogen +
water treatment was 39.9 g (n = 297). The average weight of females or
the water and the nitrogen + water treatments was 31.7 g {n = 11) and
39.6 g (n = 244), respectively, The difference of the mean weight of
both sexes in the two treatments was significant (P < 0.0001). Myers
and Krebs {1971a) have shown the same result, namely, that males and
females that dispersed from a cyclic population of M. ochrogaster were
significantly lighter than resident individuals. The same pattern
existed in M. pennsylvanicus (Myers and Krebs 1971a).

In summary, no difference was found between the weight of resident
and dispersing individuals of M. ochrogaster in cyclic and noncyclic

populations,

Discussion and Summary
't has been suggested that the interaction between microtines and
their food supplies is instrumental for the production of cyclic popula-
tion fluctuations (Lack 1954b; Pitelka 1959, 1964; Schultz 196k4; Batzli
and Pitelka 1970). Other investigators have shﬁwn that high population
densities can reduce their food abundance (Schuitz 1964, Batzli and
Pitelka 1970). if the interaction between the microtines and their food

supply, and the biomass of the food, determines the population density,
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a positive correlation should be expected between the vole density ar
biomass of their food resources. No such correlation could be found
this study.‘ Thus, | concluded that neither food nor cover regulated
vole population sizes. This conclusion is in agreement with the expe
ment conducted by Krebs and DeLong (1965) where food supplemented to
population of M. ochrogaster (Krebs et al. 1969) did not prevent popt
tional declines. Also, a fenced population of M. ochrogaster (Krebs
al. 1969) reached abnormally high densities before overgrazing their
food resources while a control, unfenced popuiation declined after
reaching much lower densities. Thus, it seems that although high pop
Tations of Microtus do reduce .their food supply (Batzli and Pitelka
1970}, the density of the microtines is decreased in normal situation
before reaching food limitation,

Chitty (1967) has hypothesized that cyclic changes in population
densities of voles are a result of selection for certain genotypes in
different phases of the cycle. The hypothesis states that as the pop
lation increases, mutual interference causes differential emigration
reduced reproductive rate for certain genotypes, Mutual interference
through di fferential reproduction, mortality, and dispersal causes th
selection for aggressive individuais which are characterized by accen
ated spacing behavior, thus resulting in reduction in population den-
sity. After the population decreases to a |ow level, selection favor:
high reproductive behavior. Intensive field work to test this hypoth-
esis (Krebs 1964, 1966; Chitty 1967; Krebs et al. 1969, 1976) has
produced inconciusive results. Gains et al. (1971), Gains and Krebs
(1971), and Krebs et al. (1976) have shown that during the cycle of M.

ochrogaster there is a change in the frequency of certain genotypes it
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the population. However, at this point in time we do not know if these
changes are the cause or the effect of the cycle (Myers and Krebs
(1971a). Other work on demographic.parameters (Krebs et al. 1969) and
on genetic and<behaviora} changes during the cycle (Krebs 1970, Myers
and Krebs 1971a) has produced only indirect evidence in favor of the
Chitty hypothesis, and the results for M. pennsylvanicus seem more
convincing than the resuits for M. ochrogaster.

Fenced populations of Microtus have been shown to reach extremely
high densities and exhibit no cyclic fluctuations (Krebs et al. 1969) .
Because the fence prevented both emigration and immigration, it has bee
hypothesized that dispersal is necessary for normal population regula-
tion and population cycling in iferotus (Krebs et al. 1973). Krebs et
al. (1973) have also suggested an experiment to test this hypothesis.
They suggested that a fenced plot with one-way exit doors would allow
normal population regulation and cycling due to emigration of individ-
uals from the study plot.

The two replicates of the nitrogen + water treatment in my Sstudy
were located in a virtual sea of shortgrass prairie habitat which is
apparently unfavorable to voles. The fact that Miecrotus travels througt
shortgrass prairie habitat is evidenced by the fact that they naturally
colonized my study area in 1971. However, the area is also located far
from any known dense populations of ¥. ochrogaster. Monthly searches
for populations of M. ochrogaster in the environment around the study
area were conducted from 1975 to 1976. This was done by directly
searching for microtine runways. Only two low density populations were
found, each 1.6 to 2 km away from the study area. However, even if a

small dense population of M, ochrogaster existed in a nearby area, the
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probability that high numbers of individuals would have dispersed from
it and reached the small study site was negligible. Thus, it is
reasonable to assume that while emigration from my study area was
possible, (perhaps even frequent) immigration is most likely negligibl
in Fig. 27 | diagramed the differences between the three situations
discussed: ‘‘normal'' populations, fenced populations, and isolated
populations, tn '"mormal'! populétjons in which cycling occurs, bhoth
immigration and emigration are possible. In fenced populations neithe
migratory process can exist and the results are extremely high popula-
tion densities and the elimination of the cyclic fluctuation. However
in an isolated population only emigration usually occurs in any requla
fashion while immigration is probably negligible. The result of such
situation in my study is a "normal' population density, but no multipl
year cyclic fluctuation. Thus, it seems that emigration itself might
explain the "normal'' or regulated densities observed in the present
study, but it does not seem to explain the cyclic fluctuation of
microtine populations.. The result of this study also suggests that
immigration may be the important factor causing cyclic behavior.
Unfortunately, | cannot explain how selection can favor such a process
because immigrants to one area are the emigrants from another area.
Even equilibrium between immigration and emigration rates of certain
genotypes cannot explain the importance of emigrants in determining th
cycle, |f we assume that the emigrant population suffers severe mor-
tality before settliing in an area, the number of immigrants to any are
would be smaller than the number of emigrants. This process is propos
to explain the change in gene frequency observed in cycling population

(Gains and Krebs 1971), and thus the cycle. However, in isolated
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populations only emigration occurs, and thus, the rate of change in
population's phenotypic composition would be even higher than in a
"normal'' population. One may speculate that the annual cycle obserw
in the present study resulted from such rapid change in the populati
genotypic frequency, or that self-regulation through natural selecti
does not exist. This former speculation is supported by the fact thi
the populations in the present study, which only underwent annual
cycling, showed similar demographic and body weight patterns as popu
lations which fluctuate in a regular 2- to 4-year cycle.

An annual fluctuating population of M. californicus was studied
Lidicker for 13 years on Brooks Island. This popuiation exhibited a
typical pattern of density changes of high peak density in 1 vear th:
was followed by a lower peak density in the second year. This popul:
tion also exhibited difference in biological characteristics (1ike
molting episodes and delayed breeding season) in consecutive years,
These differences between consecutive years were interpreted as 2-ye:
cycle (Lidicker 1973). Many of the biological characteristics that
exhibited 2-year cycle in Lidicker's work were not measured in this
study. However, it is clear that the populations of M. ochrogaster
described in this study showed a different pattern of peak density
changes from those reported by Lidicker {1973), and no multiple-year
cycle could be detected. However, Lidicker's study questions the
importance of dispersal in determining the cycle because in island
populations both emigration and immigration are probably negligible.

Pearson (1964, 1966) has suggested that the timing of the cycle
determined by predation pressure. He reports evidence supporting his

hypothesis that predators determine the timing of the population decl
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and the duration of the low phase. No observations of predation were
made in this study, and thus, | cannot Jjudge the importance of preda-
tion. Also, | did not took for toxins in the microtine's food and thus
cannot assess Freeland's (1974) hypothesis. Nor was disease as a cause
for a population decline specifically tested. Variation in the climatic
conditions that influence plant growth was probably minimal because
yearly variation in the amount of precipitation was obviated by artifi-
cial irrigation of the plots. Thus, it seems that climate probably
played a minimal role in determining the population densities.

| must conclude that food supply was probably not important in
limiting population densities in my study. | also conclude that emigra-
tion is probably not a necessary factor for the cyclic behavior of
microtines, although immigration may play a role in determining the
existence and the length of the cycle. However, the causes for cyclic

fluctuation in microtine populations still remain unsolved.



POPULAT(ON DYNAMICS MODEL

Numerous attempts to model the pgpulation dynamics of one or mo
animal populations have been reported in the literature. The early
attempts have concentrated on simple two-equation systems with two t
three parameters which were presumed to have biological importance
(Volterra 1926, Lotka 1932, Gause 1934, Watt 1968, Royama 1971}. Th
first parameter, intrinsic rate of increase, represents the populati
net growth rate; the second represents the carrying capacity of the
environment in the absence of competition; and the third, applied on
when more than one species is involved, represents the competition
between species, namely, the decrease in the rate of increase of spe
i caused by an individual of species j as compared to the decrease i
the rate of increase of species | caused by an individual of species
Although it is extremely difficult to measure these parameters in
natural populations, when known, the population dynamics (total numb
of individuals) of the species can be predicted to literally infinit
time. Furthermore, because the equations are simple, an analytical
analysis of the population densities can be conducted for the equili
rious state. Leslie (1945) enlarged part of the above approach to
include age and sex groups.

Recently models of population dynamics of animals have been in-
cluded in ecosystem models (Wiegert 1975, Van Dyne and Abramsky 1975
Anway 1976, and references cited by these authors). These models (o1
submodels) of population dynamics emphasize the energetic demands of
population but usually do not directly consider the interactions betu
populations which were of greater importance in earlier, more simple

models. However, recent models are very detailed and provide

111
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information on sex and age groups, changing energetic demands of indj-
viduals in different seasons and reproductive stages, and weights of
individuals, Weather conditions and food availability are also simu-
lated in other parts of the model so better representation of the
interactions between the organisms and their environment is possible.
Thus, the information included in the three parameters of the simple
models is subdivided into components and used more specifically in
detailed models. Since the detailed modéls require specific informatio
such as food abundance and weather, they usually have been run for
relatively short time spans for which these data are available. Also,
because of the complex nature of these models, analytical analysis
cannot be done.

Simple models are thus more general than complex models and are
usually used to specifically address such general questions as how many
species can coexist in a certain habitat, and to provide information on
species abundances (Cody 1974). Complex models, on the other hand,
ignore the first question and concentrate on more detailed information
which addresses the second question.

Most of the models reported in the literature, however, assumed
that the populations modeled were closed populations and thus no emigra-
tion or immigration of individuals and species could take pltace. This
probably results from dispersal usually being ignored by ecologists or
being considered of 1ittle significance in population dynamics and
regulation (Lidicker 1975).

Exceptions are the models reported by Levins and Culver (1971),

Horn and MacArthur (1972}, and Levin (1974). These simple models
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(usually two equations) Incorporated the dispersal rate between habit
patches as mechanisms for population dynamics and species coexistence

Although only a few attempts have been made to study dispersal
rates in natural populations (Krebs et al. 1976), many theories were
developed to account for population regulation (Andrewartha and Birch
1954; Howard 1960; Lidicker 1962, 1975; Healey 1967; also see sectior
Mierotus Population Dynamics) and for the number of coexisting specie
in a given habitat (MacArthur and Wilson 1967). The theory points tc
the importance of emigration in population regulation and suggests tt
inter- and intraspecific competition, as well as genetic characteris-
tics, play an important role in determining their magnitude.

The results reported in earlier sections herein also point to th
importance of emigration and immigration in determining species compc
tion, species abundance, and population regulation., Indeed, because
certain species exhibited a noncontinuous presence in some of the
habitats studied (Table 2), the dynamics of this population cannot be
described without incorporating dispersal.

In this study | tried to apply some of the theories on the role
dispersal to a population dynamics model. The model is somewhat simi

to the theoretical model suggested by Grant (1976).

Model Development and Overview
The major objective of the model was to introduce emigration and
immigration to a population dynamics model. Thus, the emphasis was
devoted to simulate the transient character of the studied communitie

of small mammals and not the actual population densities.
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The mede]l simulates the population dynamics of five small mammal
species (P. maniculatus, M. ochrogaster, R. megalotis, §.
tridecemlineatus, and 0. leucogaster), that inhabit four different
habitat types. The results of the I-year field study of these species
were reported previously in this paper.

Forrester's (1961) approach was utilized to construct the model.
According to this approach two factors of the system change through
time: the state variables and the flows of information and material.
Although these two interact to give the dynamics of the system through
time, the agents of action are the flows (Anway 1976).

The model is a system of difference equations operating on a 2-week
time step for 1 year and includes 3 driving variables, 34 state vari-
ables, and 70 fiows. The model is coded in SIMCOMP 3.0 and runs in 26
seconds on a CDC 6400 computer.

The three driving variables are the density of small mammal species
in the environment outside the study area, habitat priority index, and
mean temperature calculated for 2 weeks (Fig. 28).

In developing the model four processes were considered: reproduc-
tion, mortality, emigration, and immigration. Because the main goal of
the modeting effort was to implement emigration and immigration into a
population dynamics model, most of the effort was given to them. For
this reason mortality and reproduction were simulated simply by time-
dependent coefficients taken from literature or estimated in this study
(Table 16).

In each habitat type the species densities are represented in state
variables to which individuals are flowing from the sources as a func-

tion of the reproduction status of the population and flowing out to the
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Table 16. Sources of input variables used in the model.

Parameter

Source

Species: P. maniculatus

Proportion of adults

Proportion of pregnant females

Litter size

Sex ratio

Mortality rate

Population densities in the studied area
Population density in the environment
Distance between treatments

Size of treatments

Competition indices

Habitat priority

Threshold density for emigration

T T i LS . -

Species: M. ochrogaster

Proportion of adults

Proportion of pregnant females

Litter size

Sex ratio

Mortality rate

Population densities in the studied area
Population densities in the environment
Distance between treatments

Size of treatments

Competition indicas

Habitat priority

Threshold density for emigration

Peticrew and Sadlier (1974)
Flake (1971)

Flake (1971)

Flake (1971)

Beer and Macleod (1966)
Data (Table 2)

Data (Table 2)

Data

Data

Data (Table 6)
Estimated

Estimated

Martin (1956)
Data (Fig. 17)
Keller and Krebs (1970)
Data (Fig. 18)
Martin (1956)
Data (Table 2)
Estimated

Data

Data (2-ha)
Data (Table 6)
Est imated

Estimated
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Table 16. Continued. !
;
Parameter ; Source
Species: R. megalotis
Proportion of adults Estimated

Proportion of pregnant females
Litter size

Sex ratio

Mortality rate

Population densities in the studied area

Population densities in the environment '

Distance between treatments
Size of treatments
Competition indices

Habitat priority

Threshold density for emigration

Source: S. tridecemlineatus
Proportion of adults

Proportion of pregnant females

Litter size

Sex ratio

Mortality rate

Population densities in the studied area
Population densities in the environment
Distance between treatments

Size of treatments

Competition indices

Habitat priority

Threshold density for émigration

Starts hybernation

Ends hybernation

Fisler (1965)
Fisler (1965)
Fisler (1965)
Fister (1965)
Data (Table 2)
Estimated

Data

Data

Data (Table 6)
Estimated

Estimated

Flake (1971)
Flake (1971)
Flake (1971)
Flake (1971)
Rongstad (1965)
Data (Table 2)
Data (Table 2)
Pata

Pata

Data (Tabie 6)
Estimated
Estimated
September
April
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Table 16. Continued.

Parameter

Source

Species: 0. leucogaster

Proportion of adults

Proportion of pregnant females

Litter size

Sex ratio

Mortality rate

Population densities in the studied area
Population densities in the environment
Distance between habitats

Size of treatments

Competition indices

Habitat priority

Threshold density for emigration

Estiﬁéted
Flake (1971)
Flake {1971)
Egoscue {1960)
Estimated

Data (Table 2)
Data (Table 2)
Pata

Data

Data (Table 6)
Estimated
Estimated
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sinks as a function of the mortality rate. Emigration is simulated
functions of inter- and intraspecific interaction. Immigration is
simulated as a function of weighted index calculated from habitat
priority index, size of the habitat, and distance between habitats.
key to compartments and parameter names (or numbers) is presented in

Appendix VI, their values in Appendix VII, and the model code in App

dix VIII.

The Model

Reproducticon

Reproduction is simulated by using data taken from the literatu
or from the data reported in earlier sections (Table 16). The numbe
individuals born to each species in the four habitats is determined

simply by a series of time-dependent coefficients.

of adults of females fecund female

. (Litter) ] . (POpulation)
size /. size it

(Number bO!'n)ijt =Ij(Proport|on) . (Proport|on) . (Proportlon of
i i

where i

I
—
-
N
.

.y 5 smail mammal species
j=1,2, ..., 4 habitat types
t=1,2, ..., 26 2-week time steps
Proportion of adults, proportion of females, proportion of fecu
females, and litter size are assdmed to be similar for a given speci

in all four habitats.
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Mortatity

Mortality is also simulated as simple time-dependent coefficient:
largely taken from the literature (Table 16). During cold weather (T
4.2°C) the mortality is increased by 5%.

(Population

size )'.t . (Mortallty)it for T°C > 4.2

(Mort:alit:y)i-j =

Population
size

) . [(Mortality)it + 0.05 + {Mortailit
ijt

for T°C s 4,2

where i, j, and t are the same as in the reproduction., Mortality rate:

are similar for a given species. in all four habi!ats.

Emigration

Emigration rate is generally considered to be a function of intra-
and interspecific interaction between species. As the number of indi-
viduals occupying a certain habitat increases, the habitat becomes less
suitable (due to depletion of resources or aggressive interactions) to
support more individuals (P. R. Grant 1972). Thus, for each population
in a given habitat a threshold density, above which individuals are
forced to leave, exists. Lidicker (1975) has termed this type of
emigration as '"post-saturation' dispersal. Krebs et al. {1976), with
indirect evidence, Support Howard's (1960) suggestion that the dispers-
ing individuals are genetically different from the resident, The
genetic differences between individuals are not incorporated in the
model .

Interspecific interaction between species is assumed to operate

similarly to intraspecific interaction (Grant 1976), although no genetic
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|
basis was suggested for dispersal of individuals due to interspecific

interactions,

In the model, emigration rate is determined as a function of the
amount of intra- and interspecific competition. The amount of compet
tion imposed on each species in each of the four habitats is calculat
as the ratio between the amount of competition suffered at time t and
the maximum amount of competition observed in this system (ai. max =
1.62, see Table 6). This ratio is assumed to be directly correlated
with the emigration rate. For each species in the four habitats a
threshold density value is given under which no emigration is possibl

Thus, when the density of a species in a given habitat is above

threshold density,
(Emigration)it = (

where Git is the amount of competition induced in a given habitat by

species i on species j at time t, N.

it is the population densities of

species in a given habitat at time t; the constant {Kz) represents th
relation between the relative amount of competition suffered by a
species and the emigration rate and is estimated by simulation runs.
Because it is assumed that individuals leaving their familiar ho
range suffer higher mortality than residents (Errington 1956, Pielows
1962, Metzgar 1967, Ambrose 1972), 20% of the emigrants are assumed t
die. The emigrants of each species are stored in a state variable an

these individuals are the source for immigrants.
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Immigration

In each time step emigrants of a given species are redistributed
between habitats or leave the area for the surrounding environment.
This is done according to three categories: Inverse square root of the
distance between habitats, habitat size, and habitat priority index.
The data for the first two categories were obtained by direct measure-
ments while the habitat priority was estimated as an index ranging from
Zero to one. This was done according to the relations between species
abundance and FHD presented in Fig. 8. The three criteria are weighted

in the following way:

. . - . [ Habitat . {Habitat 3
(Immlgratlon)ijt = [ 5 (pTiority)ij + 2 ( Srea )j + (D)} /

[ g . (Num?er of )' I

immigrants it
where D = the distance between the source of immigrants (which is assum-
ed to be in the middle of the study area) and a given habitat type.

The three criteria are weighted to rank their importance. Habitat
priority index was assumed to be the most important factor that deter-
mines the immigration rate, the habitat size received an intermediate
importance, and the distance was already weighted by taking the inverse
square root of the distapce.

In each time step, individuals emigrate as a function of competi-
tion, some (20%) die, and the rest are redistributed among the habitats
and the environment around the study area (see below). An illustration

of possible movement of individuals is presented in Fig. 29.
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Fig. 29. Schematic illustration of possible dispersal of
individuals of one species.
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Environment

Individuals of the five small mammal species studied also inhabite
the environment surrounding the studied area. These populations can
serve as source for immigrants to the studied area and as sink for
emigrants from the studied area. The size of the area from which immi-
grants may enter the studied area was estimated in the following way.
The mean dispersal distance for individuals of P, maniculatus (Dice and
Howard (1951) and other desert rodents (French et al. 1968) is approxi-
mately 300 m. A similar mean dispersal distance was assumed for other
species. From the mean dispersal distance the area of the environment
from which emigrants could invade the studied area can thus be esti-
mated. The data for the densities of the '"native" small mammal species
were assumed to be equal to those found on the control treatment (Table
2). For the two "exotic!' species an arbitrarily low density (0.05/ha)
was assigned. The number of individuals that emigrate from the environ-
ment and the number of individuals that immigrate to the environment is
determined in the same way as the number of emigrants and immigrants in

the four habitats.

Hibernation

One of the species 5. tridecemlineatus hibernates between September
and March., This is simulated by an exogenous event that removes all
individuals of this species to a dummy state variable in September. A
second event reintroduces the individuals of 5. tridecemlineatus to the
system in March. Mortality was assumed to be the only process that
influenced hibérnating individuals. However, it was found that during

warm days, a few individuals of 3. tridecemlineatus became active. This
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was simulated as a function of temperature. Some 15% of the hibern:

individuals became active when the mean maximum temperature exceedec

8.5°C.

Model Results and Discussion

The major objective of this simulation model was to apply two
processes, emigration and immigration which have been hypothesized t
account for species distribution and abundance (Lidicker 1975}, to a
deterministic simulation model. This type of approach was selected
describe the population dynamics of the small mammal species because
most species (0. leucogaster, R. megalotis, and P. maniculatus) ex-
hibited discontinuous residency in some of the habitats studied (Tab
2). Because new processes which are not fully studied (Krebs et al.
1976) are incorporated, the performance of the model is judged accor
to its ability to simulate the population trends rather than the pop
tion densities.

The simulation results exhibited good agreement with the observ
data. The observed data were characterized by discontinuous residen
of some habitats by several species. This was simulated rather accy
rately by the model (Figs. 30-34, model 1). According to the simula
results 0. leucogaster utilized the control treatment throughout the
study period but only utilized the nitrogen treatment part of the ye:
(Fig. 34, model 1). R. megalotis exhibited discontinuous residency
the nitrogen and the water treatments and was absent from the contro’
treatment (Fig. 32, model 1). P. maniculatus and S. tridecemlineatus

exhibited the lowest density in the nizrogen + water treatment.
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Fig. 30. Population density of the P. maniculatus in the four treat-

ments. Dots represent the observed data. Mode! 1 is the
control run simulation results. Model 2 is the simulation
results when no emigration or immigration were possible.
Model 3 is the simulation results when equal habitat
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M. OCHROGASTER
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Fig., 31. Population density of M. cchrogaster in the four treat-
ments. For footnotes, see Fig. 30.
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R MEGALOTIS
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Fig. 32. Population density of R. megalotis in the four
treatments. For footnotes, see Fig. 30.
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S. TRIDECEMLINEATUS
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Fig. 33. Population density of 5. tridecemlineatus in the four
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The same trends of discontinuous residency were found in the field
data, although both P. maniculatus and 5. tridecemlineatus exhibited
discontinuous presence in the nitrogen + water treatment according to
the observed data, but not in the model results.

The major disagreement between the simulation results and the
observed data is that M. ochrogaster was found, although in low density,
in both the nitrogen and the control treatments in the simulation
results but not in the observed data (Fig. 31, model 1).

M. ochrogaster reached high density in the observed and simulated
results in the nitrogen + water treatment (Fig. 31). Krebs et al.
(1976) reported that at similar densities of M. townsendii many indi-
viduals emigrated from the population. Assuming that individuals of M.
ochrogaster behave in a similar way as individuals of M. towmsendii,
many individuals of M. ochrogaster emigrated in the present study durin
the peak population period. Some of these individuals probably dis-
persed through the control and the nitrogen treatments but failed to
enter traps. Avoidance of traps by small mammals outside their familia
home range has already been shown (Fisler 1966). Thus, the fact that n
individuals of M. ochrogaster were trapped in the control and the nitrc
gen treatments can be attributed to behavioral constraints which were
not built into the model.

The differential habitat utilization of the small mammal species
was also reflected through their density (see section on Community
Structure). M. ochrogaster and R. megalotis were most abundant in the
nitrogen + water treatment. O. leucogaster and P. maniculatus were mo
abundant in the control treatment, and S. tridecemlineatus was most

abundant in the water treatment. These differences between the specie
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comparison between the simulated and observed data of each species on
the four treatments, ! calculated an index which measures the goodness
of fit between the simulated and observed results. This was done by
summation of the square deviation of the model results from the observed
results. The index was scaled by the mean observed density (Table 17).

Thus, the goodness of fit for a given species in each of the four treat-

ments is

(GoodneSﬁ) _ ; [(Observed) _ (Simulation) ]2 / (Mean observed)
of fit i P=1 data i results i density 3

where ] = 1, ..., 4 habitat types

i =1, ..., 5 species

t=1, ..., 7 times.
It can be seen {Table 17) that from a total of 25 goodness-of-fit indices,
only six are higher than 20.

The simulated densitY of M. ochrogaster exhibited the worst fit

with the observed data. However, in both the water and the nitrogen +
water treatments the general trends of the simulated results are similar
to the observed data. Generally the fit of the simulated species densi-
ties on the nitrogen + water treatment exhibited the worst fit to the
observed data (Table 17). In this treatment only a few individuals of
species other than M. ochrogaster were usually caught. An experiment
presently being cciaucted In which individuals .1 M. ochrogaeter are
removed from one replicate of the nitrogen + water treatment suggests
that the other species In this treatment were competitively excluded by
M. ochrogaster. Because only low densities of the other species were

observed in the nitrogen + water treatment, the calculated competitlion
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Table 17. Goodness of fit of the model to the observed data
calculated as I (observed data-simulation results)?/mean
observed density. (When the mean observed density was
zero, the index is given as the sum of the deviations

only.)
. . Nitrogen
Species Control NTtrogen Water + water Total
M. ochrogaster 11.0 22.0 35.6 120.0 188.¢
P. maniculatus 1.7 17.1 9.7 21.3 52.¢
R, megalotis 0.0 7.5 9.0 51.7 68.:
S. tridecemlineatus 7.8 4.6 1.1 65.1 88.¢
0. leucogaster 11.7 2.3 0.0 0.0 it

Total 35,2 53.5 65. 4 258. 1 412,
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removed from one replicate of the nitrogen + water treatment suggests
that the other species in this treatment were competitively excluded by
M. ochrogaster. Because only low densities of the other species were
observed in the nitrogen + water treatment, the calculated competition
coefficients were relatively low. Nevertheless, the simulated popula-
tion densities of all species except M. ochrogaster and R. megalotie in
the nitrogen + water treatment were lower than their densities in other
treatments {Figs. 30-34, model 1).

The simulation model also failed to predict the increase in the
density of R, megalotis in the nitrogen + water treatment during the
winter of 1975 and spring of 1976 (Fig. 32, model 1). R. megalotis was
extremely rare (1 individual) during the summer months of 1975. The
increase in density in December may have been the result of emigration
from an unknown source. It is very likely that because R. megalotig is
extremely rare on most shortgrass prairie habitats and the above poten-
tial source was not simulated, the model results disagree with the ob-
served data.

The goodness of fit between the model resuits and the observed data
for each species in the four treatments can be ranked as follows: O.
leucogaster > P. maniculatus > R. megalotis > 5. tridecemlineatus > M.
ochrogaster (Table 17).

The major reason for the disagreements between the model results
and the observed data is lack of appropriate data. The mortality and
some of the reproduction estimates were taken from the literature (Table
16) from studies that were conducted in different regions and habitats
and, thus, are probably different from the mortality rates in the

studied area. However, in spite of these constraints, the transient
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character of the small mammal species as well as the densities of the
small mammals are simulated with good agreement with the observed data.

The model can be further tuned to fit the observed data by changir
more constants to time-dependent variables. This can be done with the
threshold density for emigration, maximum competition value, and the
relation between competition and emigration. However, | believe that ¢
this point in time more field data in which dispersal can be studied a:
needed. |In these studies the relation between competition and emigra-
tion should be determined and only then, further model tuning will be
valuable,

The number of individuals that were born, died, emigrated, and im
migrated from each of the four treatments is summarized in Table 18.
can be seen that for some species emigration and immigration accounted
for higher changes in their population densities than reproduction and
mortality. This result supports Lidicker's (1975) suggestion that dis
persal plays an important role in population regulation.

It should be asked whether the percent of individuals that emi-
grated from each habitat, according to the simulation results (Table
19}, exhibited reasonable agreement with field studies. Briese and
Smith (1974} reported that a minimum of 27% of the mortality of M.
townsendii can be accounted for by dispersal. In M. pennsylvanicus
dispersal accounted for 15% to 70% of the mortality {Myers and Krebs
1971a). Thus, | concluded that the number of emigrating individuals
simulated by the model (Table 19) was in good agreement with field
studies.

I am not familiar with any detailed model of population dynamics

which different habitat types, interactions between species, and
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Table 19. Percent of individuals that emigrated {according to the simu-
lation results) from the four treatments calculated from
Mgross mortality" {mortality + emigrants).

Treatment
Species
Control Nitrogen Water Nit;gizc )
P. maniculatus 47 gL Ls I
M. ochrogaster 50 66 kg 48
R. megalotis 0 63 30 49
S. tridecemlineatus 70 71 70 29
0. leucogaster 28 31 0 0
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dispersal are simulated. However, simple two-equation models, in which
different habitat types, interactions between species, and dispersal are
included, exist (Levins and Culver 1971, Horn and MacArthur 1372, Levin
1974) . The conclusion arrived at from analyzing these simple models is
that higher numbers of species may coexist in the same habitat when
dispersal occurs than when dispersal is ignored. Thus, because of
continuous emigration from a nearby source, species can be found in
habitats that usually are not occupied by them.

The results of the present model agree with the above conclusions.
Because dispersal was simulated, R. megalotis was found in the water and,
the nitrogen treatments (Fig. 32, model 1). For the same reasons M,
ochrogaster was found in relatively high densities in the water treat-
ment {Fig. 31, model 1), and 0. leucogaster exhibited discontinuous
residency in the nitrogen treatment (Fig. 34, model 1). For further
discussion on the importance of dispersal see the section on Model
Experiments.

All models should be verified and validated (Wiens and Innis 1974},
Garratt {1974) stated that 'verification concerns itself with the estab-
lishment of the correctness of a model' and involves: (1) tests of the
correctness of the computer code, (2) tests to determine the accuracy of
the assumption and hypothesis upon which the model is based, and (3)
tests of the agreement of observed data and model predictions, using as
inputs the data employed in the construction of the model. |

""0n the other hand, validation is primarily concerned with the
determining the usefulness of the model as evidenced in the accuracy of
its predictions" (Garratt 1974). For validation a new set of data not

“used in the construction of the model 1s needed.
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The present model was verified and found to simulate the population
densities with good agreement to the observed data. However, the
assumption built into the emigration process cannot be verified until
more information is available. Likewise, validation of the model is not

possible at present because data are not available.

Sensitivity Analysis

The behavior of the model can be studied by performing simple
sensitivity analysis (Wiens and Innis 1974). Sensitivity analysis can
give some idea about the soundness of the model structure and point at
variables to which the model is very sensitive. The latter can be usec
as an indicator of the accuracy needed when data are collected (Wiens
and Innis 1974).

To conduct the sensitivity analysis | adopted the approach sug-
gested by Wiens and innis (1974). According to this approach experi-
menta) runs, in which one or more parameters or input data are changed
are compared with the fcontrol! run. The magnitude of the response is
calculated as [altered value - control value] # control value. The
response of the model is measured as the relation between yearly total
number of emigrants and immigrants in the control and experimental rur

| chose to change only those parameters which were associated wil
the simulation of dispersal and mortality and, thus, treated the valu
of reproduction as correct estimates. The reason is that while very
little is known about dispersal and in most cases it is hard to disti
guish natural mortality and emigration (Lidicker 1975), reproduction

be estimated in a field study.
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in Table 20 | summarized the response of the model to a change in
one or more input parameters. Only few examples that were found to be
typical for the model response are listed,.

The model was found to be sensitive to changes in the slope of the
line that describes the relation between the competition suffered by a
species and the emigration rate {altered Parameter No. 1, Table 20).
This finding suggests that this reiation may be of great importance in
the regulation of natural populations. The model was less sensitive to
changes in the value of maximum competition and mortality of emigrants
and residents (altered Parameters Ho. 2, 3, and 4, respectively, Table
20}. No changes in the model results were observed when mortality
induced by cold weather was changed.

When the values of the competition coefficients suffered by one
species were changed, the model showed higher sensitivity (altered
Parameters No., 6 and 7, Table 20) relative to changes in the threshold
density for emigration (altered Parameters No. 8 and 9, Table 20).

The model exhibited the highest sensitivity to changes of the
density of P. maniculatus in the environment (altered.Parameter No. 10,
Table 20). A similar result was obtained for the other 'mnative"
species. This suggests that the density of a population from which
emigrants may come has great influence on the population dynamics of
other nearby populations.

In summary, the model exhibited high sensitivity to changes in the
relation between competition and emigration and changes in the density
nf individuals in the environments. Lower sensitivity of the model was
found in small changes in the values of the competition coefficients,

mortality, and threshold density for emigration.
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Table 20. Summarization of the effects of altering the model conszants of input
variables on mode! output estimates of total emigration and immigration.
Magnitude of alteration is expressed as’ percentage of control value.
The sensitivity of output estimates to alteration of innut is measured
as the percent change in output : percent change in input. ¢ = control
treatment, W = nitrogen treatment, W = water treaiment, NW = nitrogen +
water treatment.

Magni tude of Ratio of output

Altered parameters Treatment alteration change : input change
(2) Emigration immigration
Constant that controls c +20 1.46 1.07
the relation between N +20 1.39 1.08
competition and W +20 1.37 0.95
emigration Nu +20 0.28 0.47
c ~20 1.3 1.01
N -20 1.24 1.27
W =20 1.31 0.95
NW ~20 0.09 0.27
Maximum competition o . 420 0.68 0.60
N +20 0.69 0.56
W +20 0.79 0.52
NW +20 0.17 0.25
c ~20 0.97 0.79
) 20 0.99 0.73
W -20 0.95 0.65
Nw =20 0.06 0.1
Mortality of emigrants- C +20 0.29 0.31
N +20 0,25 0.3
W +20 ' 0.31 0.33
NW +20 0.11 0.33
C ~20 . 0.32 0.35
N ~20 0.29 0.35
W -20 - 0,26 0.33
NW -20 0.1 0.36
Mortality of residents C +20 0.53 0.16
N +20 0.49 0.17
W +20 0.47 0.20
HW +20 0.57 0.44
c -20 0.97 0.38
N -20 0.94 0.38
W ~20 1.10 0.52
NW -20 2.08 1.65
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Téble 20. Continued

Magnitude of Ratio of ocutput

Altered parameters Treatment alteration change : input change
(%) Emigration Immigration
Mortality from cold c +20 0.00 0,00
weather N +20 0.00 0.00
W +20 0.00 0.00
NW +20 0.00 0.00
¢ ~20 0.00 0.00
N -20 0.00 0.00
W -20 0.00 0.00
Nw -20 0.00 0.00
Competition on c +20 0.48 0.27
P. maniculatus c $-20 0.24 0.27
Competition on C +20 0.66 0.00
0. Leucogaster C -20 1.28 0.23
Threshoid for emigration c 420 0.32 0.27
of P. maniculatus c ~-20 0.06 0.00
Threshold for emigration Nw +20 0.04 0.04
of M. ochrogaster HW =20 0.00 0.00
Density of P. maniculatus c +20 1.69 1.65
in the environment ' N +20 1.90 i.73
W ' . +20 1.76 1.64
NW +20 1.39 1.45
C -20 1.21 1.26
N -20 1.30 1.20
W -20 1.47 1.23
Nw ~20 1.39 1.29
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The response of the hode] to parameter change is also illustrated
to allow easy comparison in Fig. 35. it can be seen that most parameter
changes caused higher changes in emigration relative to immigration.
This is probably because most changes were done on parameters directly

connected with emigration.

Model Experiments

In a modeling exercise of this nature, where theory with little
supporting data is applied, it is probably more instructive to examine
the model response to big changes in the proposed mechanisms. To test
the response of the model to the mechanisms proposed for emigration and
immigration and the importance of dispersal | made two experimental
runs. In the first run (model 2) emigration and immigration were pre-
vented and in the second run (model 3) habitat priority was set to be
equal for all species in the four habitats. The control run when no
modifications were made represents model 1.

The five species responded differentially to the removal of disper-
sal. P. maniculatus became extinct in all four treatments (Fig. 30,
model 2). Thfs result indicates that 2 ha represent a small area for
this species and its population dynamics is dependent on emigration.,

M. ochrogaster, on the other hand, exhibited high population
density in the nitrogen + water treatment when dispersal was eliminated
(Fig. 31, model 2). However, its population on the water treatment
could not sustain itself by reproduction. Removal of dispersal also
eliminated the transient character of R. megalotis in the water and the

nitrogen treatments (Fig. 32, model 2).
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5. tridecemlineatus exhibited higher densities in early summer wher
dispersal was eliminated, relative to its densities when dispersal was
simulated. However, the densities of $. tridecemlineatus were lower in
late fall of 1975 and spring of 1976 (Fig. 33, models 2 and 1,
respectively).

0. leucogaster generally exhibited higher densities when dispersal
was removed relative to its densities when dispersal was simulated (Fig
34, models 2 and 1, respectively).

Thus, the removal of dispersal eliminated the transient character
of the communities and the simulated population densities exhibited poo
agreement with the observed data. Furthermore, both P. maniculatus on
all treatments and M. ochrogaster on the water treatment became extinct
in a relatively short time. This result suggests that even when a habi
tat is suitable for the requirements of a given species, local extinc-
tions are likely when dispersal is prevented. This supports the
conclusions reached by May (1973) and Roff {1974) that dispersal is a
necessary process that prevents local extinctions.

The general trend of the simulation results when the habitat
priority indices of all species were set equal for the four habitats is
that a smaller difference between the species densities in the four
habitats was obtained relative to the control run (Figs. 30-34, models
and 1, respectively}. Furthermore, all species were found on all treat
ments and thus the differential habitat utilization exhibited by the
species was partly removed. Both 0. leucogaster and R. megalotis were
found in the four treatments (Figs. 34 and 32, respectively, model 3).

Thus, equal indices of habitat priority changed the model results

and the community compositions. This result agreed with the results of
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an experiment conducted by Wecker (Y963). In these experiments Wecker
showed that species of small mammals exhibited preference for different
habitat types.

In summary, the removal of dispersal from the simulation model
resulted in signiflicant changes that point to the importance of dispersal
in species abundance and distribution. When the habitat priority indices
of the species were assumed to be equal, the differential habitat utili-

zation exhibited by the small mammals was partly removed.

Summary and Conclusions

Emigration and Tmmigration are considered to be an important factor
in population regulation (Errington 1956; Lidicker 1962, 1975). However,
because of the difffculty in measuring these processes in the field,
very little is known about their actual importance (Myers and Krebs
1971a). In the few field studies where emigration was measured, it was
found to account for up to 70% of what usually is defined as mortality
(Myers and Krebs 1971a).

The causes for emigration are usually attributed to genetic causes
favored by natural selection (Howard 1960, Myers and Krebs 1971a) as
well as intra- and interspecific competition between individuals
(Fretwell 1972, Lidicker 1975, Grant 1976).

The results of the present field study also support the hypothesis
that emigration and immigration may be responsible for species distri-
bution (section on Community Structure} and species abundance (section
on Microtus Population Dynamics).

A population dynamics simulation model was built in which emigration

was considered a function of competition and immigration a function of



147

habitat priority index, habitat size, and the distance between habitats.
Genetic differences between individuals was not considered.

The simulation results exhibited good agreement with the trends of
the natural populations. The transiént pattern of the small mammal
communitles and the differential habitat utilization exhibited by the
species was simulated by the model. The densities of the simulated
specles also exhibited satisfactory agreement with the observed data.

Sensitivity analysis in which input parameters were increased or
decreased showed that the model is sensitive to the value of the con-
stant that describes the relations between competition and emigration
and the density of individuals in the environment. Other variables like
competition and mortality had only small impact on the model results.
When the habitat priority indices of the species were set equal for all
habitats, all the species were found to utilize the four habitats and
thus the differential habitat utilization observed in the species was
not simulated. On the other hand, when the processes of emigration and
immigration were removed, the transient character of the small mammal
species disappeared.

The model, simple as it is, points to the importance of emigration
and immigration in determining species distribution and abundance.
However, more field work in which dispersal can be studied (see Sugges-
tions for Future Work, No. 5, 6, and 7) is necessary before the model
could be validated and the relative importance of the processes dis-
cussed could be determined. A report of the modeling effort and costs

is summarized in Appendix IX.



SUGGESTIONS FOR FUTURE WORK

1. It was shown in this work that the nitrogen + water treatment
which had the highest amount of herbage and arthropod biomass and also
exhibited the highest vertical foliage diversity had the lowest small
mammal species diversity. Nevertheless, it had the highest number of
individuals which belong to two ''exotic' species. The distance between
the nitrogen + water treatment and structurally similar habitats was
proposed to be the reason for the low species diversity. This assump-
tion can easily be tested by introducing one or more species that
usually inhabit tallgrass prairie to the nitrogen + water treatment.

2. It was shown in this study that the small mammal species
differentially utilized the four studied habitats. Another study, In
which the distribution of the small mammal species in the natural
habitats of the shortgrass prairie ecosystem, will help to confirm the
relation between small mammal species abundance and distribution and
habitat structure. This type of study may also contribute to our under-
standing of the role of the two 'exotic'' species on the observed ‘native"
species distribution.

3, The small mammal community composition formed in the three man-
made habitats was hypothesized to be an outcome of habitat priority and
interspecific competition. However, the relative importance of each
factor could not be determined in the initial study. Experiments in
which potential competitors would be removed from an area would point
to the importance (or lack of importance) of interspecific competition
in determining the species distribution and abundance of the small

mammals.

148
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4. it was suggested that D. ordii avoided most of the shortgrass
prairie subhabitats because of seed shortage. However, this hypothesis
was based on studies performed on one grid. Replication of this experi
ment 15 necessary to support this hypothesis. Also, it was not clear
from the experiment if seed type or seed size availability limited the
distribution of D. ordii. An additional experiment in which one type o
seed in different sizes would be supplemented in different areas would
clarify this point.

5. The result of this study suggested that immigrants rather than
emigrants are probably responsible for the cycle observed in most micro
tine populations. This suggestion was based on the studied populations
of M. ochrogaster being semi-isolated and thus while emigration was
probably normal, immigration was most likely very low. This hypothesis
can be tested by fencing one of the nitrogen + water replicates. The
second replicate can serve as control. By leaving one part of the
fenced replicate open and thus forcing emigrants to enter pitfall traps
(by drift fences), emigration rate can then be measured and immigratior
avoided. Electrophoresis analysis would help to determine the genetic
composition of emigrants and resident individuals.

6. The simulation model results are probably most appropriate to
suggest future research. The most important result, which is basic to
the mechanism of emigration built into the model, is the suggested rel:
tion between competition and emigration. This relation can probably be
tested in fenced grids where the species densities are known. One-way
doors would help to detect emigrants.

7. More studies of small mammals in natural habitats that | have

suggested in Suggestion No. 2 (above) will also serve to validate the
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model. The data used to build the model were taken from a small area
and thus for most species only few individuals were present. By
sampling small mammals In natural habitats many replicates can be
established and thus a better understanding of the patterns of the

species population dynamics can be obtained.



GENERAL SUMMARY

The community structure of five smali mammal species (Peromyscus
maniculatus, Microtus ochrogaster, Reithrodontomys megalotis,
Spermophilus tridecemlineatus, and Onychomys leucogaster) inhabiting si>
1-ha manipulated shortgrass prairie plots and two 1-ha control plots was
studied for a 1-year period. The manipulation of the shortgrass prairie
has been conducted by application of water, nitrogen, or both. The
vegetation biomass and vertical structure have responded differentially
to the manipulation, and a gradient of prairie habitats similar to
shortgrass (control treatment), midgrass (water and nitrogen treat-
ments), and tallgrass habitat (nitrogen + water treatment) have been
formed.

The small mammal species also responded to the habitat modifica-
tion. Two new species (M. ochrogaster and R. megalotis), which are not
typical to most of the shortgrass prairie habitat types, have invaded
the area. The community composition of the small mammal species was
different in each of the treatments. 0. leucogaster was found only in
the control and the nitrogen treatments. The greatest numbers of £.
megalotie and M. ochrogaster were found in the nitrogen + water treat-
ment, although a relatively low population density of M. ochrogaster w:
established in the water treatment and few individuals of R. megalotis
were caught infrequently in both the water and the nitrogen treatments.

The densities of the small mammal species were also different in
the four treatments. Abundances of the small mammal species in the
different treatments correlated with a measure of the habitat complex-

ity--foliage height diversity (FHD). The three native species showed
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negative correlation with FHD, while the two exotic species exhibited
positive correlation with FHD.

Species diversity of the small mammals in the different stress
plots exhibited high negative correlation with FHD in contrast toc that
reported for natural habitats. The difference between the relation of
species diversity of small mammal species and FHD in man-made and
natural habitats was interpreted in terms of colonization rate, the size
of the stress plots, the distance between the stress plots and potential
source populations, and the short time that has passed since the creation
of the treatments (6 years).

Possible explanations suggested to explain the differences between
the community structures of the small mammals in the four treatments
were interspecific competition between the species, habitat priorities,
or both.

interspecific competition between the small mammals was studied for
the food and the habitat dimensions of the ecological niche. The diet
of the species was studied by analyzing the fresh pellets by microscopic
analysis. Competition indices for food and habitat were calculated.

The elements of the food and habitat competition matrices were multi-
plied and one overall competition matrix for each treatment and sample
date was obtained. The competition coefficients between species varied
among habitats and dates. These changes were interpreted as an evidence
that competition between species probably was not intensive through all
the seasons of the year; the species probably competed only in a
relatively short period when resources were }imited.

The data suggest that M. ochrogaster was found primarily in the

nitrogen + water treatment because of habltat priority and the native
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analysis of niche breadth also suggested that interspecific competition
may play an important role in determining community structure. Unfor-
tunately, it was not possible without further experiments to determine
the relative importance of interspecific competition and habitat prefer-
ence, and further experiments are suggested to examine this subject.

Alfalfa pellets and whole oats were spread evenly in a separate i-
ha plot every 10-14 days to determine if food was limiting. None of the
small mammal species that inhabited this plot responded to the excess of
food because normally most consume seeds only in small amounts., However
a new species Dipodomys ordii invaded this plot, persisted in it, and
had 95% oats in its diet. No individuals bf this species were trapped
around the plot and it was concluded that the invasion of D. ordii to
the food plot was a response fo the addition of the food. 1t is probabl
that seed availability limits the distribution of D. ordii in most
habitat types of the shortgrass prairie.

The population dynamics and demographic parameters of M. ochrogaste
were analyzed, The numbers of the other species were too small for suci
analyses.

M. ochrogaster invaded the nitrogen + water treatment in 1971 and
exhibited a progressive yearly increase in population peak densities.
Unlike most populations of microtines that exhibit a typical 2- to 4-
year cycle, M. ochrogaster in the nitrogen + water treatment plots had
only an annual cycle. No correlation was found between the density of
M. ochrogaster and the amount of the major food types taken by this
species nor the total herbage biomass, suggesting that it was not food
limited. The five demographic parameters (reproduction, mortality, sex

ratio, body weight, and population growth rates) of this population dc
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not differ from literature pattern of change for these parameters in
"normal' cyclic populations of the same species.

It was suggested that the similarity in demographlc parameters
between cyclic and noncyclic populations of microtines point to the
importance of the degree of isolation of the populations. Continuous
poputations of microtines show normal cycle; fenced (isolated) popula-
tions do not show the cycle and the populations attain high densities;
and semi-isolated populations show '"mormal'' densities and only an annual
cycle.

The current theories in the literature on the importance of disper-
sal and the results of this work were utilized to construct a population
dynamics model in which reproduction and mortality were assumed to be
time-dependent constants. Emigration rates were determined from the
relative inter- and intraspecific competition suffered by a given species
at a given habitat and time. Immigration was assumed to be dependent on
the size of the habitat, its distance, and habitat priority index.

The model simulated with good agreement the community compositions
observed in the field study and the species changes in density. Only in
one treatment, the nitrogen + water treatment, did the model results
greatly differ from the observed densities. However, although the
actual densities in this treatment were not simulated with good agree~
ment with the observed data, the general trends of the population
dynamics were similar.

The model is not sensitive to small changes in competition, mortal-

ity, and threshold density before emigration can occur. The model

showed high sensitivity to small changes in the slope of the line that
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describes the relation between competition and emigration and to smal
changes In the density of the species In the environment.
Environmental runs in which dispersal was prevented resulted in

significant changes in the community compositions and the persistence
P. maniculatus in all four treatments. When the habitat priority ind:
of all species was set equal for all habitats, the differential habi t
utilization exhibited by all the species was partly removed because a
species were found in all four habitats. The model results support ti
current theories on the importance of dispersal in determining specie:

distribution and abundance.
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Appendix I. (Cont.)

List of code names used for animal and plant
matter found in the diet of the small mammal
species

Plant: Species

- Agro smit Agropyron smithii
Arte frig Artemisia frigida
Atri cane Atriplex canescens
Bout grac Bouteloua gracilis
Care eleo Carex eleocharis
Erig dive Erigeron divergens
Koch scop Kochia scoparia
Sals kali Salsola kali '
Spha cocc Sphaeralcea coccineg
Spor cryp Sporobolus eryptandrus
Town gran Townsendia grandiflora

Arthropods: Order

Coleop Coleoptera
Hemip Hemiptera
Homop Homoptera
Hymeno Hymenoptera
Lepido Lepidoptera
Orthop Orthoptera

Unid inse Unidentified insects
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Appendix II,

Examples of Calculations Used in the Text

Suppose that two species appear in two environments (A and B) in

the following frequencies

Environment

Species A B
1 0.66 0.34
2 0.00 1.00

1. Calculation of species diversity:

e

H' = -IP, 1n P."

for species 1
H' = (-1) x (0.66 + 1n 0.66 + 0.34 « 1n 0.34) = 0.63
for species 2
H'* = (-1) x (0.00 » In 0.00 + 1.00 - 1n 1.00) = 0.00
2. Calculation of niche breadth:
In B = -EPi In Pi = H"

for species 1

in B=0.63
B=1.87
for species 2
InB=20
| B =1

“See method section for symbolis.
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Appendix 1I. {Cont.)

Calculation of competition indices:

2
% = E Pih Pjh/E Pih

ay; = (0.66 - 1.00 + 0.34 - 0.00)/(1%) = 0.66
@, = (0.66 + 1.00 + 0.34 - 0.00)/(0.66% + 0.34%) = 1.18
The resultant competition mainly is
1.00 0.66
1.18 1.00
Calculating average competition a:
a=(1.18 + 0.66)/2 = 0.92
Example of competition matrices multiplication {(by eiements):
1.00 0.507 [ 1.00" 0.90:] _[1.00 o.45
0.70 1.00 0.10 1.00 0.76 1.00
Calculating similarity index. Suppose that two species appear in
two environments (A and B) in the following densities:

Environment

Species A B
1 2 6
2 0 5
n n
SI =271 w/s (ai + bi}

1 i=1

SI=2+ {(0+5)/(2+0+6+5)=0.77
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Appendix 1IV.

Analysis of variance for weights of M. ochrogaster.
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Statistical Analyses

Source df 55 MS F p Q
Replicate 1 1.22 1.22 1. 1% 0.311
Month 78.6¢5 13.10 11.88 0.001 2.56
linear 1 0.5 0.56 0.51 0.488
quadratic 1 10,14 10.14 9.139 0.009
cubic "1 43,66 U43.66 39.57 0.001
quartic 1 0.13 0.13 0.12 0.730
quintic 1 13.91 13.01 11.79 0. 004
sextic 1 11,13 11.13 10.09 0.007
Sex ] 0.68 0.68 0.62 0. 445
Month * Sex () 41.62 6.93 6.29 0.003 L, 24, 3.62, 2.27
Error 1 = reps 13 4.3 1,10 0.62 0.838
Error 2 = quadrats 520 925,47 1.78
Total ch7

Analysis of variance between weij

the .nitrogen + water treatments.

ghts of M. ochrogaster on the water only and

Source df §S MS F p Q
Treatment 1 75.51 75.51 28.82 0.001

Sex i 0.22 0.22 0.08 0.772

T*S 1 06.57 0.57 0.22 0.639

Residual 658 1724.33  2.62

Total 661




Analysis of variance between wei

nonbreeding conditions.
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Appendix IV. (Cont.)

ght of males M. ochrogaster in breeding and

Source df sS Ms F : p Q
Breeding condition 1 13.12 12,12 9.92 0.020
Month ) 24.83 4,91 3.7 0.003 3.28
{inear 1 11,11 1111 8.4 0. 004
quadratic 1 0.64 0.64 0. 48 0. 486
cubijc 1 0.66 0.06 0.04 0.837
quartic 1 9.85 9.8 7.45 0.007
guintic 1 2,86 2.86 2.17 0. 142
B *M g 5.16 1.03 0.78 0.564
Residual 208 274.89 1.32
Total 219

Analtysis of variance for survival rates during increasing,
population of M. cchrogaster.

peak, and decreasing

Source df ss MS F p Q
Sex 1 0.002 0.002 0.147 6. 709

Month 2 0.142 c.071 L.411 0.042 0.22
S &M 2 0.003 0.002 0.118 0.889

Residual 10 0,161 0.016

Total 15
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Appendix IV. (Cont.)

Analysis of varlance for mean number of individuals caught/hr assuming activity
at all hours.

Source df SS M5 F p Q
Month 1 0.54 0.54 3.77 0.072

Time of day 2 0.36 0.18 1.27 0.311

M*T 2 0.27 .13 0.94 0.413

Residual : 14 2.00 0.14

Total ‘ 19

Aoalysis of variance for mean number of individuals caught/hr assuming active
only during the daylight hours.

Source df SS MS F ' p Q

Month 1 5. 41 5. 41 5.00 0.042

Time of day 2 22.01 11.01 10.16 0.002 1.57

M*T 2 7.00 3.50 3.23 0.070 2,79, 2.22, 1.82
Residual 14 15.16 1.08

Total 19
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Appendix V.,

Home ranges determined by radiotelemetry equipment. Each point repre-
sents one location reading.

LOW DENSITY
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List of variable code names used
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Appendix VI.

in the simulation model.

SRR SESRBRD NSRS RORAGRERRAD L REB GRS GUEDBIDIRNANERS LSRG BESHRBACRIBEEBRARES

SPECIES NAME

MIOC - M, OCHROGASTER
ONLE = 0, LEUCDGASTER
PFMA = P, MANICULATUS
REME =« R, MEOGALOTIS
SPTR = 5, THILVECEMLINEAT
AMOC —~ Max, COMPETITION
AMON - mMAX, COMRETITION
AMUNW~- MAK, CUMPETITION
AMGW = MAX, CUMPETITION
AMPC - MaN, CUMPETITION
AMPN = MAX, CUMPETITION
AMPNwW= MAX, CGMPETITION
AMPW — MAX, COMPETLITION
AMRC - Max, CUMPETITION
AMEN = MAK. CUMPETITI1ON
AMENW= MAX, CUMPETITION
AMRW ~ Max, CUMPFTITION
AMST = Man, CUMPFTITION
AMSN = MAx, COMPETITION
AMSNW- MAX, COMPETITIUM
AMSW = MAX, CUMPETITION
ANMC -~ Max, COMPETITIUN
AOMN — MAX, CUMPETITION
AOMNw~ Max, CUMP{TITION
ANMW - MAX, CUMPFTITIOUN
AOPC -~ MAX, CUMPETITION
AOPN = MAX, COMPFTITION
ADPNW= MAX, CUMPETIYTION
ANPW = MAX, COMPETITION
ADRC - #Max, COMPETITION
ANKN ~ Max, CUMPETITION
AOHMW= MAX, COMPETITION
AQHW = MaX, COMPETITION
ADSC = MAX, COMPeTITIiON
ANSN = MAX, CUMPETITION
AQSHW- Max, CCMPFTITION
AQSW ~ MAX, CCMPETITION
APME = MaAX, CUMPETITION
APMN - MaAXx, COMPETITION
APMNW= MaAk, CUMPETITION
APMW - MAX, COMPETITICAN
APOC - Max, CUMPETITION
APOM = Max, COMPETITION
APONW~ MaX, COMPETITION
APDW « MAX, CUMPETITION
APRC = mMaX, COMPETITION
APARN - MaAX, CUMFETITION
APHNW= MaX, CUMPETITION
APRW = MaX, CUMPETITION
APSC -~ MaX, CUMPFTITION
APSN = Ma4, COMPETITION
APSNw= MaX, CUMPFTITION
APSW = MAX, CUMPETITION
ARMC - MaX, CUMPETITION
ARMN - MaXx, COMPETITION
ARMNW~ MaAX, COMPETITION
ARMW ~ MAX, CUMPETITIUM
AROC = Max, CUMPETITION
AQUN = MaX, COMPETITION
ARONW- MAX, COMPFTITION

us

POSSInLE
PUSSIHLE
POSSInLE
POSS1BLE
POSSiclLE
POSSYoLE
POSSIaLE
POSSIGLE
PUSSICLE
PUSSIHLE
FUSSIoLE
POSSIBLE
POSSIaLE
FOSS1LE
PUSSIcLE
POSSICLE
PUSSIOLE
FOSSInLE
POSSIeLE
POSSIcLE
POSS1uLE
POSSIoLE
PUSSIaLE
POSSTRLE
PUOSSIMLE
FOSSIHLE
POSSIoLE
FOSSIRLE
PUSSIALE
POSSICLE
POSSIrLE
FO5SivlE
PUSSIclLE
POSSIclE
FOSSIcLE
POSSIELE
PUSSIBLE
POSSIBLE
POSSIELE
POSSInLE
PGSS]eLE
POSSEolE
POSSIeLE
PUSSIeLE
PUSSIcLE
POSSIBLE
POSSIELE
POSSIcLE
POSSIELE
POSSlelE
PUSSIGLE
POSSIBLE
POSSlcelE
POSSIRLE
POSSIOLE

BETWEEN
BETWEEN
BETWEEN
BETWEEN
BETWEEN
BETWEEN
HETWEEN
BETwWEEN
BETWFEN
BETWEEN
HETWFEN
BETWEEN
Ht TWEEN
HETWEEN
Bt TWEEN
BEVWFEN
BETWEEN
BEMwEEN
HETWEEN
HETWEEN
BETWEEN
BETWELMN
BETWEE v
BETWFEN
bE TwEEN
BETWEEN
BETwWEEN
He TwEEN
BETWFEN
BETWEEN
HETwWEEN
BETWFEN
BETWEEN
HETWFEN
BETWFEN
BETWFEN
BETWEFN
BETWEEN
EETWEEN
ot TWFEN
BE TwEEN
HE TWEEN
BETWFEEN
BETwWEEN
BETWEEMN
Bt TwFEN
BETWEEN
BETWEEN
HETWFEN
BETWEEN
BETwFEN
BETwWEEN
BETWEEN
BETWFEN
BETWEEN

M10C
MIoC
MIOC
MIOC
MIGEC
MIOC
MIoC
MIoC
MIGoC
MIUOC
M10C
MIUC
MIUC
MIOC
MIDC
Ml0C
UNLE
ONLE
ONLE
UNLE
ONLE
UNLE
UNLE
UNLE
UNLE
OMLE
UNLE
UNLE
ONLE
ONLE
UNLE
UNLE
HEMA
FEMA
FEMA
FEMA
HFEMA
PLMA
FEMA
rEMA
FEMA
FEMA
EMA
rFEmMa
PEMA
FEMa
FEMA
HFEMA
HEME
HEME
=EME
HEME
KEME
HEME
HEME

AND
AND
AND
AND
AND
AND
AND
AND
AND
AND
AND
AND
AND
AND
AND
AND
AND
AND
AND
AND
AND
ARD
ANLD
AND
AND
AND
ARND
AMD
AND
AN
AR
ANL
AND
AND
AND
AND
AND
AND
AND
AND
AND
AND
ARND
AND
AND
AND
AND
AND
AND
AND
anD
AND
AND
AND
AND

ONLE
ONLE
UNLE
ONLE
PEMA
PEMA
PEMA
PEMA
REME
REME
HEME
KEME
SKETH
SHTH
SHTH
SkTH
HMiug
Mluc
Mlouc
MiuC
PEMA
HEMA
PEMA
PEMA
REME
REME
REME
REME
SPTH
SHTH
SPTH
SPTH
Miuc
MIDC
MIOC
MIuC
UNLE
UNLE
UONLE
ONLE
REME
REME
REME
HEME
SHTH
SPTR
SHTR
arTi
MIOC
MIOC
MIGC
MI0C
ONLE
ONLE
OWLE

CONTROL TREAT,
NITRUGEN TREAT,
NITROGEN+ WATER
waTER TREAT,
CUNTROL TREAT,
NITROGEN TREAT,
NITROGEN+*WATER
WATEH TREAT,
CUNTHUL TREAT,
NITHOGEN TREAT,
NITRUGEN + wATER
WAlEW TREAT,
CunTHROL TREAT,
MITHOGEN TREAT,
NITROGEN +WwATER
wilek TREAT.
CUNTHUL TREAT,
NITrUGEN TREAT,
NITROGEN + wATER
wale R TREAT,
CONTROL TREAT,
NLTROGEN THEAT,
NITRUGEN + WATER
WATEHR TREAT,
CONTHUL TREAT,
NITHOGEN TREAT,
NITRULEN +» WATER
waTkr TREAT,
CUNTROL TREAT,
NITRUGEN [REAT,
NITROGEN + wATER
WATEKR TREAT,
COnNTRUL THEAT,
N]ITRUGEN TREAT,
MITRUGEN + WATEHR
wATEHR TREAT,
CunTrUL TREAT,
NITHUGEN THEAT,
NITHUOGEN + WATER
wATER TREAT, '
CONTRUL TREAT,
NITHUGEN TREAT,
NITRUGEN + WATER
WATEH TREAT,
CONTHUL THEAT,
NITHUGEN TREAT,
NITRUGEN + wATER
wATER TREAT,
CUNTHUL TREAT,
NITROGEN TREAT,
NITHULEN + WATER
WATEW TREAT,
CUNTHUL TREAT,
NITHRUGEN TREAT,
NITROGEN + WATER
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AROW « MAX, COMPETITION POSSIuLE BETWEEN HEME AND ONLE IN WATER TREAT,
ARPC = MAX, COMPETITION POSSIHLE BETWEEN HEME AND PEMA IN CONTHOL TREAT,
ARPN - MAX, COMPETITION POSSIHLE BETWEEN REME AND PEMA IN NITROGEN TREAT,
ARPNW= MAX, CUOMPETITIUN POSSIvLE BETWFEN KEME AND PEMA IN NITKUGEN ¢+ WATER
APPW = MAX, CUMPETITION POSSIrLE BETWEEN REME AND FEMA IN whTER TREAT,
ARSC = MAX, CUMPETITION POSSIELE BETWEEN HEME anND SPTH IN CUNTHOL TREAT,
ARSN = MaxXx, CUMPETITION POSSISLE BETwEEMN HEME AND SPTR IN NITRUGEN THEAT,
ARSNW= MAN, COMPETITION POSS1elE BEIWFEN KEME AND SPTR IN N1TRUGEN + wATER
ARSW «~ MaX, COMPETITION PUSSIoLE RETWEEN REME AND SKETH IN WwATer TREAT,
ASMC = MAX, CUMPETLITION POSSIELE BETWFEN SPTH AND MIUC IN CUNTROL TREAT,
ASMN = MAX. COMPETITION HOSSIcLE e iwFEN SPTR AND MIOC IN NilHOQLEN TREAT,
ASMNW— MaX, COMPETITION PUSSIoLE BETWFEN SPTH AND MIUC IN NITHRUOUGEN + WATER
ASMW = Max, COMPETITION FUSSIcLE BETWEEN SHTR AND MIUC FN WATER TREAT.
ASUC = MAX, COMPETITION PUSSIGLE BETWEEN SPTR aND ONLE IN CONTROL THEAT,
ASUN = MAX, CUMPETITION FOSSInLE BETWEEN SPIr AND UONLE IN NITROGEN TREAT,
ASONW= MAX, CUMPETITION POSSIcLE BETwEEN SPTR AND UWLE BN NITROGEN + WHATER
ASOW = MAX, CUMPETITION PDSSIelE BETwWEEN SPIR AND ONLE IN wWaTER TREAT,
ASPC = Max, COMPETITIOM POSSIHLE bt TwRiN SPTR OAND PEMA IN CUNTHUL THEAT,
BEPN' = MAX, CUMPETITION FOSSI=LE HETwtFN SPTR AND PEMA IN N1IROGEN THEAT,
ASPNW= MaX, CUMPETITION PUSSIcLE WETWEEN SPTR AND PeMA IN NITKOGEN + WATER
AGEW - MAX. COMPETITION POSSI-LE HETWEEN SPTR AND PEMA IN wATER TREAT,
AGHC = MANK, CCMPFTITION PUSSIoLE BETwEEN SHTR AND REME 1IN CONTHOL TREAT,
ASKN = MAX, COUMPFTITION POSSInLE BETWEEN SPTR AND WEME It NITROGEN TREAT,
AGHMW= MAX. CCGMPETITION PUSSIcLE BETWFEN SPTR AND KEME IN NITRUGEN +» WATER
ASKW - MaX, CUMPETITION POSSIoLE BETWEEN SPIR AND REML IN waltk YREAT,
ENMIt]) - MEAN DENSITY OF MIUC In Trt ¢ MvIRONMENT
ENON(I) = MEAN DENSITY OF ONLE IN ThHE ENVIRONMENT
ENPE (1} = MEAN DENSITY OF PEMg IN THE ENVIRONMENT
ENRE (1} = MEAN DENSITY OF REMe IN THE ENVIRONMENT
ENSP ({1} = MEAN DEMSTTY GF SHTw 1IN The ENVIRONMENT
GPE (I4JeK) = & THHEE DIMENSION SPACE THAT ACCUMULATES THE FLOWS. FOR PEMA
1 STANUS FOR VARIAHLE TYPEs]l = REF, 2 - MORTALITY 3 = tMiG, 4 - IHMMIG,
J STANDS FGR HABITAT | - CUNTKROL 2 = NITROGEN 3 ~ WATER & - NITOGEN «
WATER. K STANDS FUR TIME
GMI{T JeK) =~ YHE SAME AS ABOVE FUR MI1OC

GRE(T+JeK) = THE SAME AS ABOVe FUR KEME
GEPIIsJeK) = THE SAME AS ABOveE FOR SPTK
GON(TeJoek) = THE SAME AS ABOVE FOR ONLE
HA(T+Jd) =~ ARED OF nABITATS

HNil4J} = MEAN DISTANCE BETWEEN HABLTATS

HI(I4J) - WEIGTENED PRIORITY INDEX FOR SPECIES I ON HABITAT J CALCULATED
AS (Surbs FeHA + HD) /8.

HP(l4d) ~ HABITAT PRIORITY INLEX FOR SPECIES 1 ON HABITAT J

IMIC = THRESHGLD DENSITY FOR EMIGRATION OF MIOC ON CONTROL TREAT,

IMIN = THRESHGLD UGENSITY FOR EMIGRATION OF MIOC ON NITHOGEN TREAT.

IMINw= THHESHOLD DENS1TY FOR cMIGRATION OF MIUC ON NITROGEN + WATER TREAT.

IMIW - THAESHOLD DENSITY FOR tMIGRATION OF MI1OC ON waAlEHR TREAT,

10NC - THRESHCLD DENSETY FOR tMIGRATION OF ONLE ON CUNTROL ThEaT,

IONN = THRESHOLD DENSITY FOR LMIGRATION OF ONLE ON NITROGEN TREAT,

10MNW- THWESHOLD DENSITY FOR tMIGRATION OF ONLE ON NITROGEN + WATER THEAT,

10NW - THAESHOLD OCENSITY FOR EMIGHATION OF unLt ON WATER TREAT.

1PEC - THRESHULD DENSITY FOH EMIGRATION OF PEMA ON CONTRUL TREAT,

1PEN - THHRESHOLD DENSITY FOR EMIGHATION OF PEMA ON NITROGEN TREAT,

IPENW= THRESHOLD DENSITY FOR EMIGHATION GF PEMA ON NITROGEN + wATER TREAT,

IPEW = THHESHOLD DENSITY FOr EMIGRATION OF PEmMA ON wATER THEAT,

IREC ~ THRESHOLD DENSITY FOR EMIGRATION UF REME ON CUNTROL TREAT,

IRENW= THHKESHULD DENSITY FOR tMIGWATION OF REME ON NITROGEN + waTER TREAT,.

IREN « TH=ESHOLD DENSITY FOR cMILRATION OF REME ON NITKUGEN TREAT,

IREW = THHESHCLD DENSITY FOR EMIGHATION OF REME ON waTER TREAT,

I1SPE = THRESHGLD DENSITY FOR cMIGHATION OF SPTR ON CUNTROL ThEAT,

1SEN = THNESHULD DENSITY FOR EMIGHATION OF SPTR ON NITHUGEN THEAT,

1SPNW= THRESAULD DENSLTY FOR tEMIGRATION OF SPIR ON NITHOGEN + WATER TREAT,

[SPW = THPESHULD DENSITY FOR tMIGRATEON OF SPTR ON WATER THEAT .

LMIDC (Y1) = LITTER SIZF OF MIOC , ALL HABITATS

LONLE(I) = LITYER SIZE OF ONLe « ALL LABITATS

LPEMA(T) = LITYER SIZE OF PEMa . aLL wAHITATS
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LREME{]) =
LSPTRtI) -
MIONCt]Y) =
MIONNE1) =
MIUNNW(D) =
MIONW (Y} -
MIPECH(TY =
MIPENILY =
MIPENW{1) =
MIPFWLI) =

MIREC T
MIRFNIT)

MIKENW{T )=
MIREWL]) =
MISPCID) -
MISFNITY -
MISPNW({T)~
MISPW(1} =
MYI0CIIY =
MONLE(T) -
MPEMA (T} =
MREME {T) -
MSPTR(I) ~-
ONMICT{T) -~
ONMMINITY -
ONMINWII) =
ONMIW(]) =~
ONPFC LI} =
ONPEN(T) =
ONPENW(T) =
ONPEW(T) =
OMREC (1Y -
ONRENCT) =
ONRENWL{T) ~
OMHEW(TY =
oNsSPCIT) -
ONSPNIT) =
ONSPNW T}~
ONSHW T -
PaMIOLI}Y -
PAONL () =
PAPEM(]) =
PAREM{]) ~-
PASPTL]) -

LITYER SIZE
LITTER SIZE
COMPETITION
COMPETITION
CUMPETITION
COVMPETITION
COMPETITION
COMPETITION
COMPETITION
COMPETITION
COFPETITIUN
COFMPETITION
CUOFFETITION
COMFETITIUN
COMFETITION
COMFETITION
COMPETLITION
CUFPETITICN
MORTALITY R
MURTALITY R
MORTAL ITTY R
MORTALLITY R
MURTALTITY H
COMPETITION
CUMPETITION
CUMPETITION
COMPETITION
COMPETITION
COVMPETITIUN
COMPETITIUN
CUMPETETION
COMPETITION
CUMPETITION
CUMPETITIUN
CUMPETITIUN
COMFETITION
COVMPETITION
COMPETITION
CUMPETITION
PHRUPOKTION

PHOPORTION

PROPORTION

PHRUFORTIUN

PRUPORTEON
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OF REME
OF SPTR
INDECES
INDECES
INDECES
INDECES
INUECES
INDECE S
INDECE S
INDECES

s+ ALL HABITATS
v ALL =ABITATS

BETWEEN
BETWEEN
BETWEEN
AETWEEN
HETWEEN
HE TwLEN
BETWEEN
ALTWNEEN

M10C
MIuC
MIoC
MioC
HIOC
MIoC
Mjoc
M10C

AND
AND
AND
AN
AND
anD
AND
AN

ONLE
ONLE
ONLE
ONLE
PEMA
PEMA
PEMA
PEMA

INUECES
INDECES
INUECE S
INDECES
INDECES
INDECES
INUECED
INDECES
sTE O MIDC
ATE OF UNLE
ATE OF FEMA
ATE OF rEME
ATE OF SPTR
INDECES
INDECES
INDECES
INDECES
INLECE >
INDECE>
INGECES
INDECES
INDECES
ILDECES
INDECES
INDECES
INDECES
INUECES
INDECES
INULECES
OF ADULTS ]N
OF ALULTS In
OF ADULIES IN
OF ADuULIS IN
QF AlILTS N

AETWEEN
BETWEEN
BETWEEN
BETWLEN
BETWEEN
BETWEEN
BETWEREN
HEIWEEN

REFWEEN
BEIwkEn
HETWEEN
AETWEEN
HE TwEEN
HETWELEN
BE TwhE N
Bt TwEEN
BETwEEN
BE IwEEN
AL TWEEN
RETWEEN
HETwWEEN
BETWEEN
HBETwbEn
BELIwEEN

AND
AN
AND
AN
ANL
AND

PEME
HEME
RE ME
REME
SETR
SPTH
SPTH
SPTH

mioC
M10C
MI1UuC
MILC
MIuC
MIoC
HM10C ANL
MIOC ANL
ALL HABITATS
ALL PABITATS
ALL HAWITATS
ALL HABITATS
ALL rAdITATS
ONLE  AND
ONLE AND
ONLE AN
OnLE AL
OMLE ANU
ONLE AND
ONLE ANU
GNLE AND
OMLE AND
UnLE AKD
ONLE AND
OMLE AND
ONLE anb
ONLE AND
CONLE AKD
ONLE AND
FOP,s MIOC
POP,.+ UNLE
PUF .,y HEMA
FOP,.s REME
POF .y SPTH

MI10C
mMioncC
MIuC
MIOC
PEMA
FEMA
PEMA
FEMA
HEME
HEME
REME
REME
SPTR
SPIr
SHTH
SHTR

PCHM - PROFORTION OF MURTALITY DUE 10 CUOLD wEATHER

FEMICI]) =
PFMIN(I) -
FEMINWII) -
PEMIWI]Y =
PEONC{TY -
PFOMNW (1} -
PFONNCT) =~
PFONW{I) -
PEREC (1) -
PERENL]) -
PERFNW (1) -
PFREW{I) =
PESPCLT) -
PFSPNITY -
PESPNwW 1} -
PFSPWEL) -
REUNCLTY) ~
REONNIT) -
PECONNW{1)~
HEONWIl} -
KFPECI(T) -

CUMPETITIUN
CUMFETITION
CUMPETITION
CUMPETITION
CUMPETITION
CUMFETITION
COMPETEITION
CUMFETITIUN
CUMPETITIUN
CUFMFETITION
CurPETITION
CUMFETITION
COMPETITIUN
COMPETITION
CurPFTITION
CUFMFFTITION
CUMPETITIUN
CUMFETITIUN
COFFETITIUN
COMFETITION
COMPETITION

INDECES
INUVECE >
INDECES
INLECES
1NDECE S
INLDECES
INDECE >
INDECES
INDECES
INDECE >
INDECE>
INVECE S
INDECES
ILDECES
THNDECES
INDECES

HETwWEEN
BETwEER
It TwEEN
BETWEEMN
RETWEEN
BETWEEN
HAETwWLEN
BETWEEN
BETWEEN
HE TwEER
HETWEEN
BETWELN
QETwEEM
BETWEEN
BE1WEEN
HE TWEEN

MIOC
M10C
M]0C
MTOC
ONLE
ONLE
ONLE
ONLE
HEME
REME
REME
REME
SPTH
SHTH
SPTIR
SPTH

ANV
ANL
AND
AND
ANOG
anD
ANL
ANU
AND
ANU
AND
AND
AND
AL
AU
AND

FEMA
PEMA
PEMA
PEMA
PEMA
PE MA
PEMA
FEMA
PEMA
FEMA
PEMA
PEMA
FEMA
FEMA
PEMA
FEMA

INDECES
INDECES
INDECE>
INDECES
INDECES

BE TWEENFEMEC
AETwEENHEMLET
BETwEEN EMEC
BETWEELREMEC
At TwEENMREMEC

AND
AN
ANU
ANL
ANU

ONLE
ONLE
ONLE
ONLE
PEMA

IN
IN
IN
IN
IN
N
IN
IN
IN
iN
IN
IN
IN
IN
N
IN

IN
IN
IN
InN
IN
iN
IN
IN
IN
iN
IN
IN
N
iN
IN
In
IN

IN
IN
IN

CONTHOL TREAT,
NITROGEN TREAT,
NITROGEN+WATER TR,
WATER TREAT,
CONTROL THEAT,
NITRQOEN TREAT.
NITRUGENSWATER TR,
WATER TwEAT,
CONTROL TREAT,
NITROGEN TREAT,
NITHOGEN+WATER TR.
wATtH THEAT,
CUNTROL THREAT,
NLITHUGEN THEAT.
NMITRUGEN+WATER TR,
waTek TREAT.

CONTRUL TREAT,
NITRUGEN TREAT,

NI TRUOLEN+WATER TR,
WATEH TREAT,
CUNTROL TREAT,
NITRUGEN TREAT,
NITRUGEN+WATER TR,
waTEW TREAT,
CUNTRUL TREAT,
NITRUGEN THEAT,
NITHOUGEN+sWATER TR,
waTtH TREAT,
CONTROL TREAT,
NITRUGEN TKEAT,
NITRUGEN+WATER TR,
waTer TREAT,

CONTROL TREAT,
NETROGEN THEAT.
NITRUGEN+WATER TR,
waTEh TREAT,
CONTROL TREAT,
N1TRQUEN+WATER TR,
NITROGEN THEAT,
WATtR THEAT,
CONTRUL TREAT,
NITRUGEN TREAT,
N1THOGEN+WATER TR,
wATER TREAT,.
CONTHUL TREAT.
MNlTrUuGEN TREAYT,
NITHULGEN+WATER TR,
WATER TREAT,
CONTRUL THEAT,
NITROGEN THEAT,
NITHQUEN+WATER TR,
waTer THeaT,
CONTROL TREAT.
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Appendix VI, (Cont.)
REPEN{I) -~ COMPETITION INDECES BETWEENREMEC AND PEMA IN NITROGEN TREAT,
REPENM (1)~ COMPETITION INDECES BETWEENREMEL AND PEMA IN NITROGEN+WATER TR,
REPEW(1) - COMPETIYION INDECES BETWEENKEMEC AND PEMA IN WATER TREAT,
REMICIT)Y - COMPETITION INGECES HETWEENREMEC AND MIOC IN CONTHOL TREAT,
REMINGTY = CUMFETITION INDECES BETWEENKEMEC AND MI1U0C IN N1TwUGEN TREAT,
RFMINWITI=- COMPETITION INDECES BETWEENREMEC AN MIOC IN NITHOGEN+WATER TR,
REMIWII) = COMPETITION INDECEY HETWetRREMEC AND MIOC IN WATER TREAT,
RESPC(I) ~ COMFETITIUN TNDECES BETWEENREMEC AKD SPTR IN CONTROL TREAT,
RESPNI1) ~ CUOMPETITION INUECES BETWEENREMEC AND SPTw IN NITRUGEN THEAT,
RFSPNw (1) - COMFETITION INDECES BETwEENKEMEC AND SHTR IN NITHUGEN+WATER TR,
RESPWIT) «~ CUMPETITION INUECES BETWEEANEMEC AND SETH IN WATEw TREAT,
FMIOC (1) -~ PROP, OF FEMBLES MiQC 1 KEFROUUCTIUN 3 ALL nAHlTATS
RANLE (1) = PRUP, OF FEMALES OnLE IN KEPRODUCT iUNe ALL HABITATS
RPEMA(T) = PRUF, UF FEMALES PrMA IN ki YkuuuCT JON + ALL hapllats
AREME(T) - PROP, OF FEMALES KEME IN RFPRULUCTIUN . ALL HAWlTaATS
RSPTRil} - PRUP, OF FEMALLS SFTR N FEMROLUUCTIUN, ALL HAQLTATS
SLM = SLOF OF THE LINE THAT DETEWMINES whAT KruP, OF MIOC oECUMES EMIOGRANT
SLO = SLOP OF TAb LINE THAT OtTERMINES wnaT PrROP, OF ONLE otCOMES EMIGRANT
SLP = SLOP OF THE LINE THAT DeTERMINES wraT PHUF, GF PEMA BELUMES EMIGRANT
SLR = SLOP OF ThE LINE THAY DETERMINES wHaT PHUF, OF WEME dECUMES EMIGRANT
SLS =~ SLOP OF THE LINE THAT DETERMINES WHAT FHUP, UF SPTWR oECOMES EMIGHKANT
SMIOC{T) = SEX HATIO UF MIUC. ALL HAQTTATS
SONLE(T) = SEr RATIUO OF ONLEs ALL HABITATS
SPEMA(T) = SEA WATIO OF PEMAS ALL HAHITATS
SFEME (1) « SEX RATIO OF RKEMbs ALL HAHTTATS
SSPTRII) = Strx KATIN OF SPTR. ALL HARITATS
SPMICHIT) - CUMPETITION INDECES BETWEEN SHTR AND MIOC IN CONTROL TREAT,
SPMIN(T) = CUMPETITIUN INDECES HEVWEEN SKTR AND MIOC IN NiTRUGEN THEAT,
SPMINWII)~ COMFETITION INDECES HETWEEN SHTR AND MIOC IN NITROUGEN+WATER TR,
SPMIW(T) ~ CUMPETITION INLECES BETWEEN SETH AND MIOC IN wATER TREAT,
SPONC (1) - COMPETITION INDECED BETwREN SPTR AND ONLE IN CONTROL TREAT,
SPONN{T) = COMPETITION INDECES RETWEEN SPTR AND ONLE IN NITRUGEN TRKEAT,
SPONNW (13~ CUFPFTITIUN INGECES HETWEERW SKIR ANL ONLE IN NITHOGEMN+WATER TR,
SPONWI(T) - COMPETITION INDECE> HETWEEN SETH Aku ONLE N waTtw THEAT,
SPPEC(IY - CUMPETITION INVECES BETwhbN SPTR AND PEMA IN CONTRUL TREAT,
SPEFRIT) = COFFETITION INLECES BETWEEN SkTH AND PEMA IN NITHUGEN TwEAT,
SPPENWIT)~ CUPPETITION INUECES vt TwheN SPTH AND PEMA IN NITHOGEN+WATER TR,
SPPEWI) = CUMEETITIUN INUECES RETWEEN SPTw AND PEMA 1IN waTtw TREART,
SPHEC(T) - CUMPETITIUN INDECES HETWEEN SPTR AND REME IN CONTRUL TREAT,
SPREN(I) - CUMPETITION IMULECES WETWEEN SPTR AND REME IN NITHOGEN TREAT,
SPRENWIIY- CUMPETITION INLECES BETWEEN SPTH AND REME IN NITHUGEN+WATER TR.
SPHEWIT) - CUMPETITION INLECES BETwbEN SPTR AND REME |N WATER THEAT,
TAVER({I) = AVEKRAGE TEMWP,
TMAX{1) = MAX., MEAN TEMP,

X{ 1} = SOUHCE FuUK KEP, UF PEMA IN CONTROL TREAT,
A(2) = SOLURCE FOR PEMA EMIGRANTS [N THE ENVIRONMENT ARQUND THE ESA

K( 3) = NO. UF PEMA IN CONTRUL TREAT,

X{ &) = SINF FOK MORTALITY Gr PEMA [N CUNTROL TREAT,

X(5) = SINK FCR MURTALITY OF FEMa EMIGRANTS

Xt A) - SOURCE FGR KEPRODULTLION OF MIOGC [N COWTROL TREAT,

X{T) = SOUKRCE FOR MIOC EMIGRANTS FRUM Thi ENVIHONMENT AROUND ESA
X{ 8} =~ NO. UF MIUC ON CUNTHRUL TREAT,
Xt 9) = SINK FOR MIOC MUKTALETY IN COMTHUL TREAT,
Xt10) ~ SINK FOR MORTALITY OF MIOC EM[GHANTS
Xt 11) = SUUHCE FUK REPHUDUCTLION OF HEME IN CONTHOL TREAT,
Xt 12) - SOURCE FUR EMIGKANTS REME FROM THE ENVIRONMENT ARUUND THE ESA
Xt 131 = MO, UF REME IN CUNTRUL . TREAT,
Xt la) = SINK FOR MORTALITY UF REME IN CUONTHOL TREAT.
X115) - SINK FOR MORTALITY OF REME EMIGRANTS
Xt 16} = SUUHCE FOK REFRODUCTLION OF SPTR IN CUNFROL TREAT,
XE1T) =~ SOURCE FOR EMIGHANTS SPTR FHUM THe ENVIKONMENT ARGUND ESA
Xf 18) = WU, OF SFTR IN CUNTHUL TREAT,
Xt 18) = SINK FOR MORTALITY OF SPTi [n CONTROL TREAT.
Xi20) = SINK FUR MORVALITY OF SPTH EMICHANTS
OMLE - 0O, LEUCOGASTER
Xt 21) = SDUKCE FOH KEPRODUCTIUN OF ONLE IN CONTHOL TREAT,
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Appendix VI, (Cont.)

X122} - SOURCE FOR EMIGRANTS UNLE FROM THE ENVIRONMENY AROUND ESA

Xt 23) = NO, OF ONLE IN CONTRUL TREAT,

Xt 241 = SINK FOR MORTALITY GF ONLE IN CONTROL TREAT.

X125} = SINK FOR MORTALITY OF ONLE EMIGRANTS

Xt 30) = HYHERNATING SPTH IN CONTROL TREAT,

Xta0) = DUMMY VaR]IAbLE [N WHILH EMIGRANTS OF PEMA ARE STORED GHEFORE
TURNING INTO IMMIGRANTS

X{S0) « DUMMY VAHIAHLE It WHILH EMIGRANTS OF MIOC AKRE STORED BEFORE
TURNING - INTO IMMIGHANTS,

X{i&6D) = DUMMY VARIAHLE IN wHloH EMIOGRANTS OF REME ARE STORED BEFORE
TURNNING INTO IMMIGRANTS

X470 =~ DUMMY VARIARLE IN whilr EMIUKANTS OF SPTR ARE STORED BEFUORE
TURNNING IMMIGHANTS

X(80) - DUMMY VAKIABLE IN wHiLH EMIGRANTS OF ONLE ARE STORED WEFORE
TURNNING INTO IMMEGHANTS

X(10}) - SOuURCE FOR REP, OF PEMA IN NITHUGEN TREAT,

X103} - KO, UF FEMa IN NITHUGEN TREAT,

Xilfar = SENK FOR MORTALITY Or PeMA IN NITROGEN TREAT,
X{106) = SOUKLE FUR HEPROLUCTIUN OF MIOC IN NITROGEN TREAT,
X108y Qe OF MIOC ON NI1THUOGEN TREAT,

X109} SINKR FOR MIOC MORTALLYY IN NITHOGEN TREAT,

X113y WO, UF REME IN NITROGEN TREAT,

Xi{ila) SINK FOk MOHTALITY OF REMt IN NITROGEN TREAT,
Xille) = SOURLE FOH REPRUDUCTION OF SPTH IN NIVHOOGEN TREAT.
X1118) = wO. UF SPTR 1H NITHUGEN TREAT,

Xi119} = SINR FOR MOKTALETYY Or SHTR 1IN NITROGEMN THEAT,

Xtl11) = SOUKLE FOH REPRODUCTION OF WEME IN N]ITROGEN TREAT,

X1121t = SOURCE FurR REPROLUCTICN OF ONLE IN NITROGLEN TREAT,
X(123) - MO, UF ONLE IN NITHUGEN TwEtat,

XK(124) = SINK FOR MOMTALITY UF ONLE In NITROGEN TREAT.
X1130) - HYBERNATING SPTH IN D ITHUGEN TREAT,

X{z01) = SQURLE FUOR RFP, OF riMa IN wATEH TREAT,

XizZha) ~ N0, GF PEMA IMN wATER TREAT,

Kt206) = SINK FOR MONTALLITY UF PEMA TN wWalbtH THREAT,
X{2hk) = SOURLE FOR HEFROUUCTIQN OF MIQC IN «ATER TREAT,
X1208) = hD. UF M1OC ON wiTER TRELAT.

X{209) = SINK FOF MIUC MukTaL 1Ty IN waTER TREAT,

X{211) - SOUKCE FOH REFRUDUCTION OF REME IN WATER TREAT,

X(213) = NO, UF REME IN wATER TREAT,
X(214) = SINK FOR MUKTALITY OUr REME TN WATER IREAT,

X{2156) = SOUHLCE FOR REPRULUCTION OF SKHETR IN WATER THEAT,
X{218) - NO, GF SPTK I[N mATER TREAT,.

X{219) « SINK FnDlk MORTALITY ur SHTR 1IN wATER TREAT,
X(221) = SOURCE #0H REPRUDUCTION OF UNLE IN WATER TREAT,
X(223) = hO, UF ONLE IN WATEW TREAT.

XNi224) = SINK FOR MOMTALITY Or ONLE TN WATER THEAT.

R(230) « HYBERNATING SPTH IN »ATER TREAT,
Nt301r - SOUKRCE FUR KEP. OF rEMa IN NITHOGEN + WATER TREAT,

Ck1303) = NG, OF PEMA IN NITHOGEN +« WATER TREAT,
TRL3NG) - SINK FOR MORTALITY Or PEMA IN NITHOGEN « wATER TREAT,

X1306) = SOURCE FOR REPRODUCTION OF MIQC IN NITROGEN « wATER TREAT.
X (3081 = NO, UF MIOC ON NITRUGEN « WATER TREAT.
X1309) = SINK FOR MIOC MORTALLITY IN NITHROGEN + WATER TREAT,

Xi3)1) = SOURCE FOH KEPRUDUCTION OF REME IN NIVROGEN + wATER TREAT,
X313} = NO, OF REME IN HITHUoEN + WATER THEAT,

X{3la) = SINK FOP MORTALITY OF AEME En NITHOGEN » wATER TREAT.
X{3)6) = SOURCE FOH KEPRODUCTION OF SPTR IN NITHOGEN + wATEN TREAT,
Xi31B) = ANO, GF SPTR IN NITHUUEN + wATER TREAT,

X{319) — SINK FOR MORTALLITY OF SPTR IN NITHOGEN + WATER TREAT,
X{3211 - SOURCE fOH REPROLDUCTION OF ONLE IN NITHOGEN + WATEH TREAT,
X(323) = 0, OF ONLE IN NITHUGEN + WATER TREAT,

X(3P4) = SIN® FOW MORTALITY OF ONLE IN NITROGEN + wATER TREAT,
X1(330) = HYBERMATING SPTR IN NETROGEN « wWaTER TREAT,

X503} -~ SINK FOR PEMA INDIVILUALS THAT LEAVE THE ESA

X{508) -~ SINK FOR MIOC INDIVIUUALS THAT LEAVE THE ESA

X{513) = SINK FOR KEME INDIVIWUALS THAT LEAVE THE ESA

X1518) - SINK FOR SPTR THAT LEAVE THE ESA

Xi(523) = SINK FOR ONLE THAT LEAVE THE £5A

¥ - DUMMY VARIABLE THAY ESTIMATE THE max, COMPETITION POSSIBLE
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APPENDIX VIIT,

The code of the simulation model

sroanse.Anpc.unac.unsc.anoc.nnpc.Anvc.Ansc.nnoc.nspc.asnc.asnc-lsoc
S!ORAGE.AOPC.AOMC.AURCoAOSC.APHN.APNN.APSN.lPQN-AHPN.AMHN.AHSN.lHON
STQHAsE_nPMu.APRu.AFSH.nPou.AMPh.nMuu.AMSn.Auow.ARPu.ARMu.ARSu.ARO'
SYORAGE.APHNquPRNHoAPSNﬂ,APONHcAMPhH.AMRNH.AHSNH-AMO&H.ARPNH.AR"N“
sroanﬁe.anN.ARsN.AhoN.ARMN.ASPN.ASMN.ASRN.ASON.AOPN.AOMN.AuHN¢AOSN
STOknFE.APSNH.AHONH(ASPNHqASMNHoASRNl.ASGNH.AOPNJ.AGHNu.AURNH-ﬁOSN“
STORAGE.ASPN.ASHH.ASHH-ASON.AOPH-AUNH.AOHH-AOSHsAPMCoAPRC.APSC-ﬁPUC
STORAGE .ENON (261 sENPE (26 fENSP (26) +r.NMI (26] JENRE (26)
STORAGE ,GPF [4e4+26) ¢GMI (4249261 1ORE (424 426) oGSP {4sas26) s GON 494 rdO)
sronaes.nn«s.sy.hpt:.sn.nU[s.sx.Hltn.S).IUY(sa.vorltsl.rorzlsnoT0‘4l5’
REAL,IMICs IPFCsIRECs1SPCa LONC s IMINS IPEN IREN s ISR TUNN
ntAL,1M1u.1peu.!REw.Ist‘IUNW.IMlNu-lPth.lHENu.lSPNu.IGNNu
REAL, LPtHA(kb)-LMIOCIBb)-LNLHE(cb)-LSPTR(EbI.LUNLEIED]
REAL , MHPERM o HHPC s MHPN s MHP W s MHP NW
REAL, MIPEC126) JMIREC(26) +MISPC{2c) +MIUNC (26}
REAL, MIPEN{2R) +MIRKEN{Z2E) s MISPNI261 4HIDNN{26)
REAL, MIPEW 1261 +MIREW 1261 yMISEW et} +MIUNKW(206])
REAL, MIPNWE26) sMINN (26) +MISNN (209) sMIUN]L (26)
REAL. MPEMA (26} «MMIOC (26} +MREME (26) «MSETR {261 ¢MONLE (26)
STOHAGE . OHPN  OHF W ¢ GHPNK « URPC 2 ORPEN
STORAGE ,ONMLC [25) s UNPEC (26) »ONHEC (20) ONSPC (26}
STOHAGE ,ONMIN {25} s UNPEN{26) «ONREN (261 4ONSPN(26)
STORAGE ,ONMIw (2R} +UNPEW (20) s ONREW{26) +ONSPW (20)
STORAGE ,ONMNW (261 «UNFNW (261 » ONRNW (20} 4ONShW (26)
STOKAGE PleFP24P1isF&
STORAGE, PaMmIi(26)
STORAGE, PAPEM{26)1FAMIOLZ26Y +PAREM{Z6) 9PASPT (20) +PAONL (26}
STORAGE, PCM
STORAGE ,PEMIC(26) +PEREC (261 4 PESPLL20) JPEONC (26}
STOHAGE PEMIN(2A) +PFEREN(26) «PESPN{20) «PEONN (26}
STOhAGE,Prmlulzer.PtREu(Eb).PESPHIZn).PEONutabl
STORAGE .PEMNW (20) s PERNW (26) +PESNW (20) 4PEON] (26}
STURAGE ,PHPN JPHF W o PHPNW 4 PHPC o PRFEN
STOHAGE.HEMIC(26)|NtPEC(26)|REbFC(EDivHEQNC(263
STORAGE .REMIN[26) +REPEN(26) «RESPN(2r) +REONN{26)
STORAGE LAMLO] (251 +RREM] {26) +HONL] (201 4RSPTY (26}
STORAGE [REMIW [26) +REPEW (26) «RESPW [26) JRECNW (26)
SYORAGE ,REMNK (24) +REPNW (26) +RESNW (26) JREONL (26}
STORAGE (RHPN«HHPW RHENW ¢RAFCoFHPEN
STORAGE ,SAV].SAVZSAVI.5AVE
STORAGE ,SHPN SHPW ¢ SHPNW y SHP Cy SHFEN
STOHAGE ,SLOSLP+SLMSLR,5LS
STORAGE . SPEMA (261 SMI10C (261 +SREME (¢6) +S5ETHI26) +SONLE (26}
STOkAGE, RPEMA (26) «RMIOC (26) +RREME (261 s RSFTA (26) sRONLE (26)
STORAGE ,SPMIC (25} »2FPEC(26] « SPREL (26) 4 SFONC (26)
STORAGE ,SPMIN (26} +SFPENLZ6Y «SPHEN(20) «SPONN(26)
STOKAGE ,SPMIW{26) +5FPER (261 sSPREW(20) 4 SPONW (26}
STORARE ,SPMNW (26 ) + 5PPNW {251 »SPRNW (263 4 SPONL (26}
GTORAGE ,SUML (4 e6) o SUMZ (4ot} aSUMILara) s5UMG L4 r4] 2SUMSL444)
STOUHAGE, SUME(4+4)
STORAGE, YAVFR{26)
STOHAGE, TMAX(26)
STUMAGF Y
C THIS PART CALCULATES THE HABITAT PRIORITY INDEX

SUBROUTINE START

no 99 1=1+4

DO 99 J=l.4

SUM1¢l.J) =0,

SUMP (T4d1=0.

SUM3(I.J120,

SUMGe (E,U1=0.

SUMS LT +J) =0,

SHME(1,J¥ =0,

99  CONTINUE
Do 6 I=1.5
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TO0T(1) =0,
T0T1(I1=0D.
FOT211)1=0.
TOT4(1)=0,
) CONT INUE
DO 1 I=1+%
D0 1 J=1le5
TOT (11=T0T (1) eHPII+J)
TOTI(I)=TOTL {1} eHALLJ)
TOT2(1I=TOTZ2L1) +HD (] e d?
1 CANTINUE
DO 2 1=14+9
N 2 J=1s5
HP (T dizHF (T u) /TUTHLD)
HALI sy =HALTI« ) TOTICED
HOA{Y e sHBEE» ) /T0T2(1)
2 CONTINUE
DN 3 [=145
DO 3 J=1.5
HIAD o J) =S5, #HP (14 ) +2,.8HA (T o) ¢HD (T0d) ) /8.
3 CONTIHUE
00 & [=1+5
D0 4 Jd=1.5
TOT4{I1=TOTa{l)enl (Lo}
Y CONT INUE
Do S I=145
0o S J=1.5
HItI 3 1=l (Lsd) sTOTA LT
L] CONTINUE
PO 9 I=1.%
9 PRINT 10, (HItI4J}sJd=1+5)
10 FORMAT {AX+0HI# & {3X4F6L4))
00 11 t=1.5
1! PRINT ]2-(H911.J|.J=l-51¢lHAll.J)oJ*lcsl.lHDtloJl,J=loSl
12 FORPAT(Jx-oHP“.St3K-Fh.4JIJXo“HA“-5I3x-F6.t)I3l-“DD°c5(JK-Fb.b!)
DO 20 K=la.26
D0 20 I=1.+4
DN 20 J=les
GPE (ToJsK)1=0.
GMI(l.J4K)=D.
GREIT+J.K) =0,
GSHIT 4 sK)I =0,
GONIT+JeX)}=0,
20 CONTINUE
RETURN
EnD
o THIS PAKRT SIMULATES THE POPULATION DYNAMICS IN THE CONTROL TREATHENT
[2=40),
I1=TIME
FLODW=0,
stNMI(Il!AMPCoENRE{llOARPCoENSPlllﬂASPCoENONIllﬂAOPCoENPE(I)
IF(FNPELI)GTLIPEC)
1FLOW= (ENMT (1) oMIPEC (] ) +ENRE (L) *REPEC (11 +ENSP LIV #SPPEC(])
} +ENON(1)@ONPEC{I)+ENPE{L)}/Y*SLPOENPE (1) 28,
1= .

FLOH=K(3)°PQPEHIIl“SPEMﬁ(I,.HHEH“‘II'Lpﬁﬂﬂlli
GPEL1+1+1)=GPE(]1s1s])+FLOW

(40-3).
FLOW=X {40} ®HI(1.]} =F2
GPE{as]1+1)=GPE{As Lo [)+FLOMW

{(3=4),
IFITAVER (I .GT 4,3 FLOW=AI 3) #MPEMA(T)
IF{TAVFR(T) JLE L4, 2)FLOWSX(3)*(MPEMA (L) +MPLMA (L} *PCM)
GPE (2410 i) =GPE(2s101) «FLOW

t3=-40)
FLOW=0O,



189

Appendix VIII, (Cont.)

Yax{a)sAMPCeX{13) *ARPC+X (18) *ASPC+ X (2]) *ADPC+X 1 3)
IF{Xt3) ,GT.IPEC)
LFLOW=(X{ B)OMIPEC (I} +X{13) #REFEC (L] +X(18) *SPPECLI) +X123) *ONPECLD)
1eX(3)) /YRSLP#*R ()
GPE{3¢)+I)=GPE{3s1¢1) +FLOW
t7-501,
FLOW=0,
Y:ENPE(I)°APMC-ENREIl)°nRHC~ENSPGll“ASMC0EN0N([I°AOHC0ENnI(I?
IFLENMItI)LGTLIMICY
LFLOW= (ENFE (1) PEMIC{I} +ENRE {13 =REMIC (1} +ENSP (119SPHMIC{I) +ENONIDI &
. 1ONMICLE) «ENML(]) ) /YRSLMeENMI {1) 8,
6=-8y,
FLOW=X{R)ePAMI 1 (T)#SMIOC ([} eRMIQL (I} 8L MIOCI])
GMI{1+41+0}=2GMI(Lalol} +FLOW
(8=9) ,
IF(TAVFR(IY.UY L6 . 3FLOW=R [ B)eMMIOC(T)
IF(TAVER(L) JLE (4., 2)FLOW=X{ BI&( MMIOCII) +MMIOC{1) #PCM)
GMI {2 el )=GML 2o o]} eFLUW
t8=50) .
FLOW=0,
Y:l(])iAPMCOK(]})‘ARMCOI(lB)'ASMCOlIE}l“ﬂOMC#X‘G'
IF-(X18) 6T IMIC)
lFLOH=lxl3)¢PtM1ClllvAGlBI*REHLC(l)oSPvIC([}’1(1810l123l¢0NHIC‘1"
1X{B)}/YeSLMeX(H)
GMI(3,1+11=GMI(3s1+1) +FLOW
(50=-Ay,
FLOW=X (50 8HI (2.1} %P2
GMLtas 1+ [)=CMI {4 o]l el ) +FLOW
f11=-13) .,
FLOW=X(13)*PAREM(T)#SREME ([} *KREM] (1) oLREME (1)
GRE{1lslel)=GRE(Ls12I)+FLONW
ti2=60).
FLUW=D,
Y=ENPE (1) PAPHC+ENMI {1} #AMKC+ENSP (1) *ASRC ¢ENON (1) »AORC+ENRE (1}
IF (FNRF (L) LGTLIREC)
1FLOWS rENPElllEPEREC(!l¢ENM1{Il&MIREC(I)OENSPlIl'SPREC(I)tENON‘l"
10MRFC (T} «ENRE (L)) /YRSLRRENRE (1) 58,
13-14),
IF{TAVFR{E) JOT .4, 3FLOW=X L3)aMREME (]
IFITAVEREL) ,LE 4. 2)FLUWSX{ 13)2( MREME (1) +MREME (1) *PCM)
GRE'E!],]’=0Rt|2'llll"FLUH
t13-60),
FLOW=0,
Y=X{3) 2APRC+K () SAMRC+X (1B} #ASRC+X {23) #*AORC+X {13}
TFiXe13y T IREC)
1FLOWS (X471} #PEREC (114X (M1 #MIREC (1} +X{1R) #SPREC (1) +X(23) *ONREC (1) *
1X¢131)/¥YRSLR#X (1Y)
GRE (39111 =GRE (341911 +FLOW
(60=~113),
FLOW=x{&60)oH[(3.]1) %P2
GRE(4s191)=GRE (441 e1) +FLOW
t30=-18),
FLOW=0,
IF (], GE.10,AND, I ,LT, 25, AND TMAX (L) ,GT B, S)FLOWZA(30)*,05
SAVI=FLOW
(}7T~=70),
FLOW=0,
Y=ENMI (1) *AMSC+ENRE (1) ARSC+ENPE {1) ¢APSC+ENON (1) *A0SCENSP( T
IF CENSP (1) 46T 415PC)
1FLOW= (ENM:1I)an&Pc:lnoEuﬂecxnGRESPctl|.ENPE(In'PESPCtlloErMON‘1*‘
10NSPCETY+ENSP (1)) /Y=SLSeENSP (1) =8,
*{30=-19),
FLOW=X (20) *MSPTR(1)
t18=130),
FLUWZSAV]
{16=18),
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FLOW=K (18)#PASPT ([)#5SPTRII)®nSPTRII) 8L SPTR(])

65P(1e¢141)=G5P(1alsl)+FLOW

t18=19;,

IFLTAVER(IYGT (4. 3IFLOW=X{ 16)®MSPTR{T}

IFATAVER (I ALE L6 2)FLOW=R( [B)®{ MSPTR(T}+MSPTHI(T)#PCN)

GSP{24141)=69F {2a1s1)+FLOW

t18=70),

FLOW=0,

YEX LA RAPSCoR(B) R AMSCeX {13} #ANSCe N {23)#A0SC+X (18)

IF(X{10).GT,15PC)

YFLOW= (X (3)#PESPCII) o X{B)*MISPCITI) e X {13} #RESPC L} +X L2 #ONSPCLI) ¢
1X(1R) ) sYmSLSHA(}8)

GSP{3+Yel)=GSH (a4 s 1) eFLOW

tTo=-18),
FLOW=X(7018H1(44]) %P2
GSPlaal s l)=GSF (4s]el)+FLOW

(21=23).
FLOW=X(23) #PAONL { 1) #SONLE (T ) #=ONLE (T o LONLE ()
GON(]alal)xGUN(]sls])+FLOW

t22=-R8013,

FLOW=0,

Y=ENPE (1) 2APUCENML (1} #AMOC+ENRE (L) ®AROCSENSP (1) #AS0C+ENON (I}

IFLENONLT) LGT.10NCY
1FL OW= (ENFE(L)SPEONC(I)+MIONC AT} %ENMI([)+ENNE (E) SREONC (1) +ENSP(I)#
12SPONC (1) «ENUNCL}) /Y SSLORENDN (T ) #a,

t23=24),

TFCTAVFR(LY .67 ,4,3)FLOWSXL 23} @MONLE(T)

TFATAVER (I} olb L4 2)FLUWSNT 2218 ( MUNLE (1) +MONLE {1} *PCM)

GON(Z2s1aI)1=GUN(Releld+FLUMW

t23=-R0),

FLOwW=0,

Y=X(3)RAPLC«X(B)#AMOC+X (1) 4AN0C+ X {18) *AS0C+X (23)

IFIXt23) 6T LONG)

IFLOW= (X () #PEONC (1} +X (R} oMIONCLE) s X L] JISREONC () oX(18) 9SPONC (L) +
1Xt23) ) rYesLu®x (23)
GON{3s 1411 =2GON{3ala])eFLOW
ta80-22),
FLOW=X{8018HI(5,]1) %P2
GON{Gelel)=GUN(A]lol)+FLOUW
C THIS PART SIMULATES THE POPULATION DYNAMICS IN THE NITROGEN TREATMENT
(101=-103).
FLOW=X(103)oPaPEM{T 1 oSPEMA(L) *RPEMALT )} BLPEMA LY
GPE(142+113GPE 1] 4241) +FLOW
t60=1033,
FLOW=X (40} BRI {]1,2)2P2
GPE Laa2a 1) 2GPE (44 2s 1) +FLOW
t103=104). .

IFITAVER 1) .Gl 44,3)FLOW=X(103) *MPEMA (]}

IFITAVER[I) uLE .4, 2}FLOW=X(103) * (MPEMA (1) +MPEMA [ ]) #*PCM)

GPEL2+2+ 11 =GPE (242011 +FLONW

(103=40),

Y=X{10R) aaMPNeX {1]13)#AKPN+X{1 10} *ASPN+X1123) 2A0PN+X{]103)

FLOW=p,

IF{X(103).GY.1PEN)

IFLOW= (X (108) SMIPEN{T) oX {1131 #=EPENCL) + X (118) *SPPEN{I} + % (123} *ONPEN.
14T e 0103} /YRSLPOX {103}
GPE(342+1)=GPE{34241) +FLOW

t108=50;,

Y=X{103)2APMN+X (1 13)2ARMNS X (L1B) *ASHN+X (] 23) *AUMN+X (108)

FiOwW=n,

IF(X(108).GT.IMIN)
lFLUH:lx{103)“FEMlNIll-xtl13I'HEM1N(JIoSPHIN(Il'llllaIOKIIEJD'ONH!N
211+ X(108)) /YESLMeX(108)

GMI(3424I)=GMI(342¢1)+FLOW

{50~108),
FLOW=X (501 4HL(2,2) P2
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- G"l1"2'!)‘6"!“.2'1"FLO“
(106-300).
FLOW=X (1081 %PAMI] (1) #SMIOC{I) *RMIO] (1) #LMIOC (1)
GMIt]1+2s11=GM1 (14241} ¢FLOW
1108109},
- IF(TAVER (1) JLE 4,2 FLOW=X (108} #{ MMIOC{1)+MMIOC (1) 4PCM)
TF(TAVFRII) 6T .4, FLOW=X{L0B) #MMIOC(])
GMLI242+ LI=GMIL2424 11 +FLOW

. (113=60Y. . . - -
FLOW=D,

Y=X(103) 9APRNsX{108) #AMRN+X (L 18) #*ASAN+X (1231 #A0RNeX (113}
IFIX{113) 6T, EREN)
1FLUH=(!(103)'PFREN(11OKIIDBI'MIREN(I]ol(llBI'SPHENIl)OKIlZ3)‘
20HHEN (T} +N{113))/¥aSLRAK{]113}

GRE (442911 =GRE (4420 1) +FLOK

t60=-1131.

FLOW=X (60} &Rl (3,2) %P2

GRE(3+2+11=GHE (3424 1) +FLOW

Cili-113%.

c FLOWSX (113) #FAREM{ L) #SREME (1} *RREM] (1) #LREME (1)
FLOW=X{113)#PAREM{]) *SREME (1} *RREME t1) *LREME L)
GRE{152¢11=GRE(]1424+1)+FLOW

(ll3=-114a). .

IF(TAVFRIT) 6T ,4,3)FLOW=A{L13) #MREME(T) ) .
IF ITAVER(1) JLE (4, 2)FLOWSX (11312 ( MREME (1) +MREME (1) *PCM}
GRE (24201 1SGRE (24201) +FLOW
(118~T701.
FLOW=0,
Y=X {101 94PSNaX{108) *AMSNeX [113) *ARSN«X (1231 2A0SN+X (118}
IF(X(118).6T.1SPM) B
1F10u=«x(103|°PESPNtl|+xtioanﬁnlspntln«x(llauonespntlnoxc1231-0NSPN
2UTI+X {11811 /¥oSL5aN(11B)
GSP {342+ 11265P (3,2+1) «FLOW
(TO0=-118}.
FLOW=X(70)#rl14.2) P2
GEP (4429 1 265F (a2 11 #FLOW
t130=118}.
FLOW=0.
IF(].GEL10.AND, T, LT .25, AND,TMAX (L) .GT.B.5} FLOWSK({130)+P 1
SAV2=zFLOW
t130=115%.
FLOW=X (130} sMSBTR(L)
{118=-1301).
FLOW=5AV2

t116=11m). )

FLOW=X (1181 ePASPT (1) #SSPTR{I)eRSPTRII) ¢LSPTR(I)
GSPUlePe I 1=2GSP 142+ 1) +FLOW
t118-119), )
TF LTAVER{T) o€ .4, 2)FLOW=X (118} % MSPTR(I)+MSPTRI(T}*PCM)
IF(TAVERL{T ) oGT 4, 3)FLOW=X (118} eMSPTRIT)
GSP{2s2e]11=6SP (292 I)+FLOW
(123-8m.
FLOW=0.
¥=X(]03) SAPONX (108) #AMON+X (1131 2AHONX (] 18) #AS0N+X1123)
IF{X(122).6T.10NN)
IFLOW= {X {1031 OPEONN [T} +X {108} #MIONN(T}+X (1 13) *REONNIL] +X & 118) #SPONN
2LT)eX{123))/YVSLO2K(12 0} -
GON|3'?OI)=(’0N‘3|20Il"FLO"

(80=123).
FLOW=1 (20 *H] (542) oF2
GON{4+2911=GUN (429 1) +FLOW

1121=123).
FLOW=X (123} #PAUNL (1) *SONLE (1) *RONLE (1) *LONLE {1}
GONI{Ls2+ 11 =GO0N(129 1) +FLOW

{123=-124)
IF(TAVFRI1),.6T,4,)FLOW=X(123)aMONLE (1)
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IFATAVER{T) JLE, 4, 2)FLOWSX {123} 81 MONLE (1) ¢MONLE {1} *PCM)
GON(2¢2+s118GON{2s291)+FLOW

C THIS PART SIMULATES THE POPULATION DYNAMICS IN THE WATER TREATMENT

(201-201) .

FLOW=X (203) *PAPEM(]) #SPEMA (L) *RPEMA (11 #LPEMA(])
GPEL1+2, 1) ZGPELY14341) +FLOW
1203=-2045).
IF(TAVERLT) JLE .4, 2)FLOW=X(203) & (MPEMA{L) +MPEMA {1} #PCH)
IFITAVER{]) GT.4,3)FLOW=X(203) *MPEMA(])
GPE (243911 =GPE (243011 +FLUW
(203-40) .
FLOW=0,
Y=zX(P0R)BAMPW+X (2131 0ARPW X (218) 2ASPWX (222) *A0PWX (203)
IFiX(203) BT, IPEW}
1FLOW= (X (208) *MIPEW (1} +X (2133 %=EPEW (L) +X(218) #SPPEW(L} +X(223) #ONPEW
14T eXL203)) /YRSLPRR(203)
GPE (343411 =GPE{3+43+1)+FLOUW
140=202%,
FLOW=X{40)eHI{1.3) &F2
GPE(&4s3¢[1=GPE{a,3s])+FLOUW
t208=50),
FLOwW=D,
Y=X (203} #APMW+K {21 3) CARMW+X (218 ) SASHWX (2231 *AOMW X (208}
IF{X(208) GT.iMIW)
1FLOWS (X{203) SPEMIWAE) « X 12131 #REMIW{T) «SPMIW () #X (2181 +X 1223} *ONMIW
2011 +X(208) ) /Ye5LMEX(208)
. GMI {3034 1)=GMI {243+1)+FLOW
150-2080) .,
FLOW=X(S5018H[(2,3) #P2
GMIl4eIe I =GM]l {4 o3al)+FLOW

{206-208) .

FLOW=X (R0R)eFAMIY (1) eSMIOCEE) *RMIQC (I sLMIOC(])
GMEL143,5)=GMI(Y43s1)+FLOW

(208-209) .,

IF(TAVFR{E) G764, 3)FLOW=X({208) *MMI0C T
IF(TAVERLI) (LE 4. 2}FLOW=X(208) % ( MMIOC(I}+MMIOC(T) *PCM}
GMI{2s3911=GMI (243411 +FLOW

t2i13-601.

FLOW=0,

Y=X{203)9aPFweX (P0H) #AMAW+X (218) #ASRW+X(223) #AURW+X (2] 3}

IF (%2131 .GT.IRF W)
[FL0H=JIlan:ﬂPLREwII)0!:208)'HIRENCI}oK(EIB)'SPHEH(lJ0!(223!'
SONREW (T «X(213) ) /Y®SLR®X12]123)

GRE (343¢}1=GHE (3431 ) +FLOW

(60=213).

FLOW=X(60)9HL1343) =P2

GRE (434 1) =0RE{6,30]) +FLUN

211=211.

C FLOW=X (213)*PAREM (1) #SREME ¢ [) *RREML LI} #LREME (1)
FLOW=X{213)4PAREM{I ) *SREME L]} *RREME LT ) #LREME(])
GRE{1¢3s1)1=GRE (o302 ¢FLUW )

t213=214) "

IFATAVER(T )} JLE,.6,2)FLOW=X{213}#( MREME (I} +MREME (1) &PCM)

IF(TAVFRII) 6T ,4,3)FLOW=X({Z2]13}*MREME(])

GRE(2+43¢])20KE (243¢1)+FLOW

(216=70) .

FLOW=0,

Y=X{203) eAPSW+X(208) *AMSw+ R {213} SARSW N (223} FA0SW+X(2]18)}

IF(X(218).GT.iS5PwW}

LFLOW= (X (20 #FESPW (1) + X (208 #MISPW{]) «X (2131 RESPW (]} «X{223) *ONSPW
2iT)+X{21B)) /YRS SeX({218)

GSP(343411=G5P (34341} +FLOW

{10=218),

FLOW=X(T0}#H] (443} P2
GSPlas341)=65P (44301} +FLOW

(230=21R).
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FLOW=D, . . — e e = - . . . -
!F(I.GF.ID-AND.I.LT.25.AND.THAI(13.GY.B.SD FLOWZX (23G)»P]
SAV3IsFLOW

(230=219) . .
FLOW=X {2301 *MSPTR(I) g

t218=230).
FLOW=5AV3

12l6=210) , .
FLOH:lelU)-PASPTlll'SSPTRl!)'RSPTRtl)'LSPTRIII
GSP(1e3+11=G5P {14310 +FLOW

218219y,
1F (TAVER(]) LE,4,2}FLOW=X{218)4( MSPTR (1) «MSPTH{1)*PCM)
IFITAVFRITYLGT 6, IFLOWSX (2181 %MSPTIRL])
GSP(2+3+11=65P 123+ +FLOW

t223=-801 .

FLOW=0,

YEX(203) #APOWX [208) sAMOW+X {213) #AHOW X (218) 2AS0W+ X (223) of
IF (X (2223).6GT.I0NW)
lFL0H=(!(203)‘PE0NHCII0!(208)‘"[0NH|1)OXI2133‘H€0NHGIIollZlBl'SPUN'

2(T)1eX1222))7Y5L0%X1223)

GON13+3,1)=GON(3,3+1)+FLOW

(a0=-223),

FLOW=X(B0)1#RI{5,3) *P2
GON{4s Iy [156ON14,30 1) +FLOW

1221=-223).

C FLOWSX(223)¢PAONL (1) #SONLE (1) ®RONL ) LTy #LONLE (1)
FLUH:X(223)°PﬁuNL(Il*SONLEIIl'RONLE(I)“LONLE(I]
GON(1+3011=0UN(1+3s ] +FLOW

(223-224) .

IF(TAVERIT) JLELa  2)FLOW=X (2230 ® ( MONLE (1) +MONLE {]) ®PCM)
IF(CTAVER{T) OT .4, 3HFLOW=X(223) oMONLE (T)

GONQ2¢3|1)=GON(2'3!‘1)’FLUW .

c THIS PART SIMULATES THE POPULATION UYNAMICS IN THE NITROGEN + WATER TREAT,

1301-2303), :
FLOWSK{303}#HAPEM{E)#SPEMA L]} *RPEMA (T} =LPEMALL)

GIE (1ot g [)=GPE{1obel) «FLUW

{303=304) . .

TF(TAVER (1) JLE .4, 2 FLOW=X (303) # (MPEMA(T) ¢MPEMA (T} =PCH)

IF(TAVERI1}oGT . 4,3 FLOW=X{303} *MPEMALT)

GPE (2949 1)1ZGFE (200 1) ¢FLUW

t303—=40).

FLOM=0,
v=xt3un|-nMPNu'1(313)ﬂARPNuoxt315}*ASPMNolt323:-noPNuoX(JOJ)

IF (X (303} ,GT.IPENW)
1FL0W=IXi]ﬂBi*FIPNHGlI01(3}3)'HEPNH(l}oX(JlBI'5PPNH(ID¢KI323)¢ONPNH
1{I)+X(303))/Y9SLPoX {303}

GPE{3eto [1=GPE{D,4s ) +FLOW

(40=23303). '

FLOW=X [40)#HI{} s} ®P2

Gpﬁ(f‘-ﬁl!‘zﬁpﬁ(ﬁih!ll'FLDN

{308 =50,

F1.OW=0,

YoX(303) 2APMNweX (313) *ARMNNoX (318} #ASMNW+ X (223) *AOMNW+X 1308)

IF(X{308).GT.IMINW}
lFLOu:(x(303:=P£MNNllloxealai'ﬂEMNHtlloSPuanll-x(3181o1t323>-onnnu
2T {308)) AYOSLMaX {30M)

GMI (Jebn[1=GMI (30 4a]) +FLOW

(50~ 308).

FLUWZX{S0)*nl{2.4) ®P2

GMl6sa0])=6GML (4adsl)+FLOW

(30& —308) .

FLOWSX {308)oPAMIO(T) #SMIOC (1} #RMIOC (F)eLMIOCT)

GMI[1eael1=GMI(LstsI)+FLOW

(3088 -309) .

TF(TAVER{L) JLE 4, 2)FLOW=XL308B) #{ MMIOC(I) +MMIOC (1) #PCH}

IF(TAVERIL) 6T o4, 3)FLOW2X (308} *MMIOC (1)
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GMI(24441)mGMI (2,49 1)+FLOW
(313-60).
FLOW=D,
Y=X(303) *APRNW+X (308) SAMRNW+X {318) *ASANW+X 1 323) *ACRNW+X (313}
IFIX{A13) 6T, IRENK)
IFLOW= (X {30 *FERNW{]1) o X (308} *MIRNWI]) + X (1B SSPRNW ([} X (323) ¢
PONRNW (1) ¢X[313}1) /Y2SLARX (3L
GRE( 34 s [1=GRE{Ivas 1) +FLOW
(60-3131.
FILOW=X (601 #HI (3.6) «P2
. GREl4wts[)=GRE {(4e4+1)+FLOW
(311=313%,
FLOM=X (3] 3)oPRREM(I)aSREME (1) “RREME (1) *LREME (1}
GRE{) 4+ T1=GHRE {1oas])+FLOW
{313=31a}),
IFATAVERII) JLE .4, 2)FLOW=X(3]13)#( MREME (1) «MREME (1)#PCM)
IF{TAVER (1) .07 ,4.,31FLOW=X1313)#MREME(])
GRE(P+4+11=6GRE [2yas 1) +FLUW
(318-701.
FLOwW=0,
YaX{303)#APSNW+ X (30&) #AMSNN+X (3] 3) #ARSNW+X (I23) CAOSNW+ X {318)
IF (%1318 .,GT.1[SPNW)
1FLOW= (X (303 HPESNN (1) X (0B *MISNW L)+ X {313) #RESNW (1) +X (323) sONSNW
2(1)4X(3181) /YESLSeX(318)
GSPU3sbs 11265P {3eta 1} +FLOW
t70~-31B1.
FLOW=X{T0Y»HL(4,4) aP2
GSPlasasl1=05P (asusl ) +FLOW
1330=-3]R}.
FiLL.OW=0,
IF (Y GF L0 AN T LT.25.AND . TMAX (1) .6T,8,5) FLOW=X(330)*P]
SavV4=FLOW
1330-319) .
FLOW=X (330} #MSPTRII)
1318-330) .
FL.OW=SAVs
t316=-31R) .
C FLOWS=X (31RI*PASPT LI «SSPTR{I} *RSPTLITY®LSPTRLL)
FLOW=X (3IRI#PASPT(I1)#SSPTR{I} SRSPTR(I}eLSPFTRID)
GSPUlsbo1)=GSP (144el)+FLOW
13l4-319}.
IF(TAVERII) JLEL4,2)FLOW=X{318)%{ MSPTR{I)+MSPTR(]1) *PCM)
IF(TAVFR(I) GT,4,.3)FLOW=X(318)*MSPTR{])
GOP {244+ 11=065F (2440 [) +FLUW
(323-80).
FLOW=0,
¥Y=X(303) #APONweX (306) SAMONW+X (3131 PARONW+ X (31 8) *ASONWX (323}
IF{X (3731 .67, 1ONNW) :
IFLOW= (X (3N PFEONLET}+ X (308 *MIONL (L) «X{313)*REONL (I} +X(318)*SPON]
21T) R [3231) /YRSL0eN{32])
GONCIed s I 1=GON{I4he1)+FLOW

180=3231, o

FLOW=X (RD)®HI(544) #P2
GONC(4sbs 1) =G0N{G44r]) +FLOW

1321=-3231.
FLOW=X (3231 %PAONL (1) #SONLE (L) #RONLL (I} @LONLE(])
GONt1s4s 1) =GUNTL 4 l)+FLOW

{323=-324).
IF(TAVER{1) JLE 4, 20FLOW=X(323)%( MONLE LI) «+MONLE ([} #PCM}
IF{TAVFRII) 0T ,4,3)FLOW=2(323)=MONLE(])
GON{2sbe11=GON{2+4s1}+FLOW

(40=5033,
FLOW=X{40)=R1(]1,5) #P2

(50=-50861.
FLOW=X(50)8H[(2,5) #P2

{60=-513).



195

Appendix VIII. (Cont.)

FLOWeX (60) #HI(3,5) *P2

(70=510).
FLOW=X{T0)#H]1 {4,5) #F2
{80~-521).
FLOW=X (A0} #RI(5,5) #P2
{40=5).
FLOW=X(40)eP3
{50=101%.
FLOW=X(50)¢P]
t60=-1%),
FLOW=X {60} *P1]
(70=-201.
FLOW=X(T0)*P3
t8p=25),
FLOW=X(80)2P3 . . .
C THIS PART ACCUMULATES TOTAL AEPRODUCT TONy MORTALITYs EMIGRATIONS AND
C IMMIGRATION BY SPECIES AND BY TREATMENT i

SLUBROUTINE FINIS
DO 10 JFlaeé
pn 1o I=1-4
0N 10 K=zl«26
QUMY (T 4 J) =GPE (T4 J9K )1 +5UML (1)
SUH?![!J):SUME(ch’OGMI(IQJOKI
SUMA{L «J)=SUMILT +J) +GRE (T adal)
GUME [T o JI=SUMG [T 4J) eGSP(Ladani
SUMB (] 4 J) =SUMS (T4 J) +GONCT oo
10 CONTINUE
0n 1 I=zle4
PRINT 24 (SUMLILsd}sJd=1ed)
FORMAT {34+96PE# 4 12X 4FR,2))
DO 3 1=zlea
PRINT 4 {SUMZ(TsJd) ed=lsa)
FORMAT (3K 2GMI®, 4 i 2X9F8,2))
005 I=1+8
PRINT h.(%UMBlI.Jl-J=hH
FORMAT (3X+9GRE® 4 [2X4FR,2))
DO 7T I=leé
7 PRINT Ry tSUMa Il edlrd=1ls4}
B FORMAT (3X« 2GSk e 44 (2XsF B, 2))
DO 20 T=1s+4
20 PRINTZ21 ¢ (SUMB T 4J) s J=1ed)
21 FORMAT (3% 2G0ONE, 4 (2X4FBL2))
00 A0 I=l4
DO 30 J=1l.4%
30 sunbtl.Jn=5um1(I-JloSuHa(i-J)vsunatlcdloSUHa(I.Jposunstl.J)
DO 31 I=1e4
il PRINT 324 (SUMB{]4J) sdzleé)
32 FORMAT(BX 412X sFb, 23}
RF TURN
END
EVENT SPTE
X{30)r=x(1r}
X{1301=X{118}
xt2ipr=x(218
Xt330¥=x¢318})
Xx{l8)=n,
X1Y181=0.
Xi21R)1=0,
X(31Rr1=0.
Xi70)=0.
R TURN
EMD
EVENT SPTR9
X{1R8)y=x(30)
XiMIRP=X(130)
X(2181=X1230)

W AU

owm
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Xt3I1R) =X (330)
X{3idr=0.
Xt130)=0,.
X(2301=0.
X13301=0.
savi=o,
SAvV2=0,
SAav3=10,
Savaz=D,
RFTURN
END
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Appendix IX.

Modeling Effort and Costs

The model which was described in this section, simple as it was,
required a considerable amount of time and cost to develop and run.
Approximately five man-work months were Invested in 1lterature review,
problem conceptualization, coding, and testing at the cost of approxi-
mately $1,400. |

About one-third of the time was spent In literature review and
model conceptualization. The model was coded in 3 to 4 months. Sensi-
tivity analysis and model experiments were done in less than a month.

High proportion (~80%) of the total cost was spent on model deve-
lopment. In this stage the cost per run was $12. After the model was
completed, it was compiled and the binary deck was put on permanent
file, and thus repeated compilation costs ($7) were avoided. Also, the
fact that only main variables were printed in this stage (population
densities), reduced the total cost of one model run from $12 to $3.

The cost for sensitivity analysis and model experiments were less
than 20% of the total cost, mainly because the cost per model run was
decreased and because in this stage | have already gained considerable

familiarity with the model.
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