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INTRODUCTION

The regulation of numbers in any species cannot be adequately understood until it
is known how the additions of new individuals to its populations is determined.
Moreover, most additions are ordinarily through reproduction. It is therefore vital
that the factors which control both the timing and quantity of reproduction be
carefully investigated and understood.

One species whose population dynamics has been intensively studied is the
California vole, Microtus californicus. Yet, little is known regarding the specific
environmental factors which turn on and off its reproductive efforts. In the Mediter-
ranean climate under which it lives in central, coastal California, it normally reproduces
during the wet season which extends from about October through April (GREENWALD,
1957 ; HoFFMANN, 1958 ; Prarson, 1963, 1964 ; KreBs, 1966 ; LiDICKER, 1973).
Breeding generally ceases in June when the vegetation becomes desiccated, and the
species then remains non-reproductive until green vegetation is again available. This
seasonal pattern of reproduction naturally suggests that the availabilities of green
food and moisture may be the critical factors in determining the timing and repro-
duction in this region. Although this seems a reasonable hypothesis, other factors
in the environment will certainly be changing concurrently with wet and dry regimes
and could in fact be responsible for the reproductive changes. Furthermore, two
interesting exceptions to this basic seasonal pattern of reproduction frequently occur,
and suggest that the situation is significantly more complex. Sometimes breeding
does occur in the dry (summer) season (BRANT, 1962; KrEBS and DELonG, 1965;
LIDICKER, 1973), and often there is a delay in the start of the breeding season
extending from one to three or even more months after the wet season begins
(KrEBS, 1966; BaTzL! and PITELKA, 1971; LIDICKER, 1973).

In an attempt to understand the reasons for these two recurrent modifications of
the basic pattern of breeding seasons in M. californicus and to better assess the
separate roles of green food and water on reproduction, populations of voles were
grown in outdoor enclosures in which the availability of food and water could be
manipulated. This report concerns three experiments (five vole populations) carried
out during the three year period from 1 January, 1965 to 21 January, 1968. In all
these experiments, the populations were harvested when necessary so that near-normal
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densities were maintained. Two additional experiments, in which no harvesting was
done, will be reported elsewhere.

These experiments are part of a long-term research program on the population
biology of Microtus californicus, a program in which field and experimental studies
supplement each other. In this way, hypotheses generated by the field data can be
tested under more rigorously controlled conditions. Thus, while I expect that under
field conditions the timing of reproduction will be complexly determined by the
interactions of a number of factors (LIDICKER, 1973), the use of experimentally
manipulated enclosed populations will continue to be a powerful tool in the development
of our understanding of microtine demography (e.g., FRaNK, 1954; CLARKE, 1955;
LoucH, 1956; WIJNGAARDEN, 1960; HouLriHaN, 1963; CHITTY, ef al., 1968; GENTRY,
1968; KREBS, ef al., 1969; Lunp, 1970; MYERS and KREBS, 1971; WIEGERT, 1972).

THE ENCLOSURES

The two enclosures utilized in this study are located at the Animal Behavior
Research Station of the University of California, Berkeley. They are 9.1 m (30 ft)
square giving a surface area of 83 m2? (900 ft?) ; see Fig.1l. The walls, constructed
of reinforced concrete, are four feet (1.2 m) high and have a 15 cm overhanging lip
on the inside (see Fig.2). The floor is also concrete and slopes gradually toward
drains in each of the four corners. Above the concrete wall, a wire-mesh wall
continues for an additional 1.2 m, and is topped by a wire-mesh roof (see Fig.1).
Thus, these enclosures are absolutely mouse-proof, and predators are also prevented

from entering.

Fig. 1. The two enclosures used in this study.
Photo taken on 1 November, 1964.
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Fig. 2. View of inside of enclosure, showing overhanging lip on concrete
walls, and other details of construction. Photo taken 2 April, 1966 when
lush perennial grasses and clover were present (experiment 2B).

The enclosures were prepared for the growing of vole populations by first filling
them to a depth of 15 ¢cm with coarse gravel and then placing 45 ¢m of topsoil on
top of the gravel. This still left 60 cim of concrete wall above the soil surface. The
rich top soil permitted growth of lush vegetation in the enclosures (see Fig. 2). The
gravel and drainage svstem prevented flooding during heavy rains. One of the
enclosures was fitted with watering devices to simulate rainfall. Trampling of

vegetation was kept to a minimum by walking on the wall ledges whenever possible.

GENERAL PROCEDURES

In each experiment, the populations were initiated by introducing two pairs of
adult mice. The enclosures were live-trapped at frequent intervals and all voles were
individually marked by toe-clipping. Upon capture, voles were weighed, checked for
external reproductive sign, and examined for wounds and scars. When harvesting
was necessary, individuals were chosen randomly from within various sex and age
categories. The number removed in each category was determined so as to minimally
upset the sex and age structure of the population. All harvested individuals were
autopsied for reproductive data. At the end of each experiment, all voles were
removed and autopsied.

EXPERIMENT 1

The plan of this first experiment was to grow two populations simultaneously so
that they were reproducing vigorously as the dry season began. Then the vegetation
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in one enclosure would be watered in an effort to keep it growing. In this way it
would be determined whether reproduction would continue into the summer if the
vegetation did not desiccate. Moreover, a detailed analysis of weight and reproductive
changes under drying conditions could be made.

The two populations were founded in January after a lush growth of volunteer
vegetation (local grasses and forbs) had been established in the enclosures. Watering
of the vegetation in one enclosure (B) was begun in early May and continued into
early August. Because the vegetation was composed largely of annuals, it was
possible only to extend the period of drying vegetation in the watered enclosure a
little over one month beyond that in the control enclosure. Major events in this
experiment and the body weights of various cohorts are presented in Figs.3 and 4.

In both populations, litters were produced promptly and regularly. Those born
before April grew rapidly and matured reproductively at a normal weight (25 to 30 g).
Litters born after this, grew more slowly and failed to mature reproductively. In the
unwatered enclosure (A), body weights levelled off or declined during the drying
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Fig. 3. Changes in mean body weight (g) for the various cohorts of voles
in experiment 1A. Arabic numerals refer to successive litters born in the
enclosures (in some cases more than one litter may be unavoidably
combined into a single cohort). The status of the vegetation and various
other important events are indicated across the top. Solid lines connecting
dots indicate that at least some of the cohort is reproductively competent;
dashed lines indicate that none of the group is reproductively active.
Intentional cropping of the population during the active growth period
caused the premature termination of some cohorts.
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Fig. 4. Changes in mean body weight for the various cohorts of
voles in experiment 1B. Symbols as in Fig. 3.

period, except for litter 3 which continued to grow until the end of May. In order
to kecp population A at about 15 individuals, a total of 30 voles was removed during
this growth phase. With the complete drying of the vegetation, and with no drinking
water provided, the mice began to lose weight rapidly, and many deaths occurred.
Dry food (commercial lab mouse chow) was added in mid-June, but this failed to
stop or slow the weight losses. Those mice that had matured reproductively began
to lose reproductive competence, the youngest ones first. Then in early July, carrots
were provided. Only four voles had survived this period of severe weight loss. They
gained weight rapidly, and in five weeks had become reproductively competent.
Thus, it is clear that dehydration rather than starvation was the primary cause of
the losses. Litter number 7 was born in early September, which is long before the
usual breeding season begins.

In enclosure B, body weights levelled off through the drying out period, and
reproductive competence was gradually lost. The last litter was actually born in late
May near the beginning of the drying period. A total of 63 mice was killed in order
to keep the population density comparable to that in population A. Severe weight
losses, accompanied by high mortality rates, did not begin until late July, almost two
months later than in the control population. These losses were not due to dehydration
as this population was never without water. It was provided in the form of frequent
artificial rainfall, by water bottles, or both (carrots were not provided). When dry
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food was provided, the four survivors immediately started to gain weight rapidly and
achieved reproductive maturity within a month (two weeks in the case of one male).
In both populations, the survivors of the stressful period did not include members of
litters born during the drying out phase.

Not surprisingly, this experiment has shown that either insufficient food or water
can cause the termination of the breeding season, weight losses, and eventually death.
It is interesting, however, that the recovery of reproductive competence seems to be
a little quicker after starvation than after dehydration. Finally, it is worth mentioning
that even desiccated and partially eaten vegetation was able to sustain a very dense
population (15 voles equals about 725 per acre; 1750 per hectare) into late July.

EXPERIMENT 2

This experiment was designed to replicate Experiment 1 with the important
exception that perennial grasses (Lolium, Poa) and clover (Trifolium) were planted
in the enclosures (Fig.2). With this change from annual to perennial vegetation, it
was anticipated that watering would succeed in maintaining green vegetation for a
longer time into the dry season than was achieved in the first experiment.

The populations were initiated in late March, and watering of the vegetation
began in mid-May. In enclosure A, watering was terminated on 10 June, and the
vegetation allowed to dry out. In B, watering was continued throughout the experiment.
The history of these two populations, and body weight changes are presented in Figs. 5
and 6. Litter production began promptly in both populations as at least onc of the

founding females in each case was already pregnant.
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Fig. 5. Changes in mean hody weight for the various cohorts of
voles in experiment 2A. Symbols as in Fig.3.
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Fig. 6. Changes in mean body weight for the various cohorts of voles in
experiment 2B. Symbols as in Fig.3. Litter 10 is almost certainly a
multiple litter. Question marks associated with litters 10, 11, and 12
refer to the doubtful achievement of reproductive competence at the
times indicated.

In population A, litters born during the period of green vegetation grew rapidly,
and, with the inexplicable exception of litter 3, matured at a normal rate (two
females from litter 3 seemed to begin cycling at usual weights and then stopped).
Litter 5 entered the drying period at less than 20 g and subsequently grew more
slowly. Litter 6 grew slowly and did not survive into August. Twenty-one individuals
were removed from the population during this spring and early summer. Weight
losses and high mortality rates characterized the drying period. When water bottles
were provided in mid-August, only four survivors remained. They immediately gained
weight suggesting that as in experiment 1A the cause of the weight losses and deaths
was primarily dehydration.

In marked contrast to Experiment 1A, the four survivors (one male and three
females) did not continue to gain weight after their recovery from dehydration and
did not become reproductively competent after a five-week delay. In mid-September
I added dry food (lab mouse chow and sunflower seeds) to test the possibility that
these survivors were not adequately fed. This produced little or no weight gains,
and no changes in reproductive status. Until April, these four remained in this
stunted condition (35 to 40 g). Then suddenly, they gained weight and started to
reproduce. This was an eight month delay between recovery from dehydration and

the start of reproduction. The voles were then over ten months of age, and the two
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members of litter 4 had previously achieved reproductive competence. This delay is
longer than, but otherwise apparently similar to, the delays in reproduction following
the start of the rainy season reported for eleven years on nearby Brooks Island
(LIDICKER, 1973).

In population B, numerous litters were produced through June and then steadily
but at a reduced rate into November. The first nine litters grew repidly, and matured
normally. After that, initial growth rates were still good, but growth tended to level
off at 30 g or less and reproductive maturity was not definitely achieved (questionable
cases occurred in litters 10, 11, and 12). A total of 64 individuals were harvested
from this population in an attempt to keep total numbers to around 15.

By early November it was obvious that a massive outbreak of an introduced
European slug, Milax gagates (Limacidae), was occurring in enclosure B. Thousands
of these slugs were present and soon had a devastating effect on green vegetation.
The amount of green growth was greatly reduced even though this was the rainy
season. Their effect on the voles can be seen (Fig.6) about one month before they
became obvious to me. There are weight losses and the loss of reproductive competence
in some individuals. By late November, the entire population of voles was losing
weight rapidly, and mortality increased greatly. At the end of the experiment in
late December, only three survivors remained, and nonc of them was in reproductive
condition. The most obvious explanation for these events is that the voles were
suffering from lack of food. Unfortunately, this idea was not tested by the addition
of dry food to the enclosures.

From this experiment we can see that breeding can continuc throughout the dry
summer period if green food is available, and that it can terminate even during the
normal breeding season if slugs eat up most of the food supply. Furthermore, we
see again in experiment 2A that dehydration can stop reproduction, and that recovery
entails a delay in the return of reproduction. In this case a delay of eight months
was observed. It is not known whether the reduction in growth and delay in maturation
shown by litters 10, 11, and 12 (B) were the result of the slugs being present even
in low numbers in this enclosure or by some other factor arising from the fact that
these litters were born in a normally non-reproductive season. The reduced rate of
litter production from July on also suggests that some seasonal factor may be operating

which is independent of food and water.

EXPERIMENT 3

Only one enclosure was used in this experiment, which was an attempt to repeat
experiment 2B, but with a shift in timing to two months later in the year. Perennial
vegetation was again planted, and watered regularly. The population was founded in
May when green vegetation was abundant. I wanted to see if rapid production of

litters would occur in June through August as it did in April through June in 2B.



22

] Experimert 3 . ls!uq outbreck lwr:f seqason
/ \ starts begins food supplied
L]
-
60"
Ld
o founders —, /
H‘“"'.\‘- — .
- ./ —~
- .
a
- / /
o 40 /.
~ - / s
_ A _ga AT . /
& H‘"“rr”f;‘ \o.-r/a T~ n{—;
o / ’
] - | P
g B -8 o’
Y- -
, / / & -
/2 / / 7
204 s '3 4
| ! / / 2’
/ / 7 s
|'f / / /!
] F
o / / ! ’
/ Fi s ’
/ / / ’
3 ! R P
N T ‘__1_‘_'_'.' T . T T  °r T —
Moy June  July Aug Sept Oct Moy Cec Jan
1967 1958

Fig. 7. Changes in mean body weight for the various cohorts of
voles in experiment 3. Symbols as in Fig. 3.

The results are shown in Fig.7.

Only four litters were produced in this experiment (average litter size only 2.8).
They were well spaced, none showed maximal growth rates, all became stunted, and
only the first matured normally. No harvesting was found to be necessary. These
poor results were almost certainly caused by another severe outbreak of Milax. This
time it was evident by mid-August, although it was apparently affecting the voles for
at least a month earlicr. This is suggested by the relatively slow growth of litters 1
and 2, the failure of litter 2 to mature reproductively (even though experiment 2B
demonstrated that this was possible in July), and the loss of weight suffered by the
founding adults beginning in mid-July. By late September the vegetation was showing
obvious effects of depredation by slugs. In mid-October, the grasses above ground
were almost all dead, although numerous green forbs remained available to the mice.
At the end of November, new grass shoots again were appearing.

Although it is not apparent from the figure, the inhibiting effect of the slugs
seemed to be affecting females more severely than males. Among the two surviving
founders, the male remained in reproductive condition throughout. The female,
however, was inactive for the three months October through December. Also the
females of litter 1 became inactive after the end of July while the males of this litter
remained reproductively competent to the end of the experiment. Both sexes failed
to mature in the other three litters. HOULIHAN (1963) also found that inadequate
food supplies quickly reduced reproduction in females.
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From early October through early December, a program of slug poisoning and
manual removal of slugs was carried out. Slug poison was placed in containers so
that voles did not have access to it. During this interval over 3.5 kg of slugs were
removed from the enclosure (7081+individuals). This seemed to have little effect on
slug numbers although the age structure was apparently reduced.

Finally, at the very end of November both dry and succulent food was supplied
to the population. Although it seemed likely that as in experiment 2B, insufficient
food was causing the stunting of growth and lack of reproduction, a test of this
hypothesis was needed. The addition of food was followed by a week of freezing
temperatures. In spite of this, all voles showed substantial weight gains after mid-
December. The terminal autopsy in mid-January showed that four of five females
had begun to cycle and all four males were also reproductively active. Thus, even
after five months of stunting, recovery was relatively rapid.

As in experiment 2B, we see again that summer reproduction is possible, and
that high slug density can terminate reproduction and growth even in a normally wet
season. Of particular significance in this case is the rapid recovery of the voles when

supplemental food was provided.

DiscussioN

These experiments permit several tentative conclusions regarding the role of food
and water in controlling the normal breeding season in the California vole. The
termination of reproduction in early summer can, it is clear, be caused by insufficient
food or water. The fact that in the field this occurs when the vegetation becomes
dry, and over a very wide range of population densities further emphasizes the
probable importance of these two factors. Lack of water seems likely to be more
important than starvation in producing initial weight losses and heavy mortality.
Furthermore, it seems plausible that the rate at which dehydrating conditions develop
may critically influence the responses of the vole. Notice that in experiment 1A,
severe weight losses due to dehydration were followed by complete recovery in five
weeks. In 2A, on the other hand, dehydration was followed by eight months of
stunted growth and reproduction. This difference seems most likely related to the
relatively gradual period of drying in 1A as compared to the more abrupt dehydration
of the vegetation in 2A (see Figs. 3 and 5). Another possibility is that the carrots
provided as a source of water in 1A but not in 2A, contain some vitamin or hormone-
like substance that is stimulating to the voles. The potential importance of such
substances, such as found in newly sprouted vegetation, for reproduction in M. montanus
has been shown by PINTER and NEecus (1965). From extensive experience with
laboratory colonies, I know that M. californicus reproduces well when fed on a diet
of only dry food and carrots.

It is also of interest that the average size of eleven litters born in the summer
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and autumn period was only 3.7 (range 1-6). This is consistent with the annual
cycle in litter sizes reported by HOFFMANN (1958) and LiDICKER (1973: Fig.6), a
recurring pattern which appears to be independent of population density or vole
condition.

With the return of the wet scason, conditions again become favorable for
reproduction. However, the fact that pregnancies frequently occur promptly after
heavy rainfalls (LIDICKER and ANDERSON, 1962) and may even precede the appearance
of green vegetation (KREBS, 1966; BaTzrL1i and PITELKA, 1971) suggest again that
moisture may be a more important trigger than food supply. Whereas food conditions
would not improve until at least five days after the first heavy rainfall of the autumn
season, moisture conditions often are alleviated much sooner. Heavy dews begin to
occur in September and then some light rainfall may precede the first soaking storm.
PEARSON (1960) has shown that in the dry season the daily above-ground activity
pattern is closely correlated with the availability of dew. Thus, if the voles are
responding to an improved moisture situation, this could explain both the rapid
response to the start of the rainy season, and the occasional pre-rainfall pregnancies.
Of course, if the animals are also starving, they will not respond reproductively until
green food is again available.

These experiments have also resulted in some improvement in our understanding
of the mysterious and often prolonged delays in reproduction and growth that
somctimes occur after the rainy season begins. In the field these delays have been
observed to last up to three months (LIDICKER, 1973) and in thesc experiments eight
months. It is now apparent that recovery from stunting due to inadequate food is
relatively rapid, that is onc month or less in these experiments (1B, 3). In contrast,
stunting caused by dehydration produced delays of five weeks (1A) and eight months
(2A). 1 suspect, therefore, that sub-optimal moisture conditions have more severe
effects on the physiology of M. californicus than do sub-optimal food supplies. CHURCH
(1966) has shown that this species of vole is only poorly adapted for arid conditions.
It can slightly reduce urinary-fecal losses by increasing water turn-over time, but
mainly it copes with arid conditions by reducing its body mass. Actual tissue
dehydration is not tolerated. This means that once its fat reserves are gone, it
begins to metabolize its body proteins while reducing its food intake. As mmuch as
fifty percent of body weight may be lost.

If, however, inadequate moisture is the primary cause of these growth and
reproductive delays occurring under apparently good conditions, we might expect
that they would occur in low density as well as high density populations. The
evidence so far suggests that they characterize only populations which enter the dry
season at high densities (LIDICKER, 1973). Perhaps there are small supplies of
succulent foods that are available through the summer which are adequate for low
densities, but completely insufficient for large numbers. Houriman (1963) has
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ohserved a lack of reproduction and growth in an enclosed population for four months
following a crash in numbers. These survivors exhibited a significant thyroid
inhibition, and he suggests that prolonged metabolic disorder may follow any severely
stressful period such as one producing a population crash.

An unexpected observation from these studies is that populations of the slug
Milax gagates also respond to prolonged periods of green vegetation. In large numbers,
they clearly were competing with Microtus for green forage, and were able to cause
reductions in the vole populations even in the wet season (experiments 2 and 3).
Their intrusion into these experiments provided examples, in addition to experiment
1B, of vole population response to inadequate food. It is conceivable that these slugs
also may have affected the voles through toxic substances in their mucous secrctions.
When the slugs were abundant, these secretions were so ubiquitous that it must have
been impossible for the voles to avoid contacting it on their food.

Finally, I would like to point out that the actual control of reproduction under
natural conditions may be more complex than suggested by these experiments. They
do not explain, for example, reduced litter sizes in the normally non-breeding scason
or the lowered rate of litter production seen through the summer and fall in
experiment 2B. The nutritive value of carrots as compared to green vegetation, also
needs to be investigated. Furthermore, in all these experiments, densities were high
but fairly uniform, and dispersal was of course not possible. The natural regulation
of numbers, morcover, involves mortality as well as natality rates, and in this species
is suspected to involve at least six interacting factors, the quantity of food and water
being only one of these (LIDICKER, 1973).

SUMMARY

The potential role of food and water in determining 1) the timing of the normal
breeding season in the California vole, and 2) two frequently occurring exceptions to
this normal pattern, are explored by using experimentally manipulated enclosed
populations. Hypotheses derived from field observations were tested in the enclosed
populations by the manipulation of green food, dry food, water, and vole density.
The results of three experiments involving five populations are reported. In all
populations densities were maintained at near-normal levels (475 to 1750 per ha).

In all three experiments, it was shown that breeding was possible in the summer
if sufficient food and water were available, although perhaps with reduced litter sizes
and rates of growth and reproductive maturation of young. In two cases, severe
weight losses and high mortality were induced by insufficient water. When water was
provided, survivors recovered weight and reproductive competency in between five
weeks and eight months. In three populations, starvation induced weight losses and
mortality. In these cases recovery of the voles took only one month or less. In two
of these last, the inadequate food situation was produced during the normally wet
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season by outbreaks of a European slug.

It is concluded that available moisture is the most important factor in triggering
both the end and beginning of the normal breeding season. Of course, inadequately
fed mice do not breed at any season. Summer (dry season) breeding can occur when
food and water conditions are adequate due to locally favorable conditions or very low
population densities. Prolonged delays in growth and reproduction following the return
of favorable conditions are most likely the consequence of chronic and severe water
deprivation.
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California vole @ BHINIYID ABRISHENT
W.Z. Lipicker Jr.

Na A AT D1 California vole QBN UGIIZIS T 2 LW CKDEN MRS 12, BRI
B IR Pc— D KR 2 1T - To, BB EREOEIE 3T S ERICEO L ~ub (475~1750/ha) i fifs S
Nz, P EAptodnid, TE (UE) TH-oTEENDAIETH 2 L LB TNTORETRINIDS,
litter size R FOFRITHELIWDT 2 & Tbhnic, KMUFRIEU B OEEITIZE UV (AT & #5038
THEME IS 3N, KO 21T785 & 5 LD 5 8 7 F] OIS O thiftds L O BAIE I DM E A2 &
Nz, BOYTRBROEEIT bETMD EFECIRET 7205, COBSRMHHOT» 1 #AUNTIEL 1.
Wi UTIERBFPOR TS LUBKRO5 2 £ & 22 55 b TS HERE RIAAMEZS KOG TH B E0A B,
L AANYHRTDTHIELE DRI § BRULTRTIET S 395, HFERHCRE - T %0 FETLHEADE
WD BIEI L HE DD & U WKREBDOHLIR T H 2 A MEHED I,



