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MEEK, L. R., T. M. LEE AND J. F. GALLON. Interaction of maternal photoperiod history and food type on growth and 
reproductive development of laboratory meadow voles (Microtus pennsylvanicus). PHYSIOL BEHAV 57(5) 905-91 l, 1995.- 
The interaction of maternal photoperiod history and four diets were tested by measuring body growth, reproductive development, 
and pelage development in 9-week-old juvenile meadow voles. Meadow vole dams were housed in long daylengths (LD; 14 h 
light/day), short daylengths for 2 weeks (SD; l0 h light/day), or short daylengths for 26 weeks (PR; photorefractory) prior to 
mating. Immediately following parturition, one of four diets was available to dams and pups; (a) a control diet containing no 6- 
methoxy-2-benzoxazolinone (6-MBOA); (b) the control diet plus sprouted wheat (which contains 6-MBOA); (c) the control diet 
plus alfalfa harvested in spring (no 6-MBOA); and (d) the control diet plus alfalfa harvested in autumn (no 6-MBOA). By 9 weeks 
of age, juvenile meadow voles born to photorefractory dams and fed either spring or fall alfalfa or sprouted wheat were significantly 
larger and more had achieved puberty than juveniles fed only the control diet. Juveniles born to LD dams demonstrated a smaller 
increase in developmental rate than photorefractory juveniles when fed alfalfa and spring wheat, and juveniles of SD dams showed 
the smallest effect of alfalfa and sprouted wheat on development. Supplements of spring wheat and both forms of alfalfa had 
similar positive effects on growth and reproduction. The authors suggest that juvenile meadow voles rely on the interaction of 
maternal photoperiod history and the availability of nutrient-rich food such as sprouted wheat and alfalfa to time the onset of 
growth and puberty. 
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SMALL mammals, such as rodents, typically produce young dur- 
ing seasons when environmental conditions are most favorable 
for survival. For many species, seasonal changes in daylength are 
used as a cue to determine the timing of breeding onset and/or 
offset. However, although photoperiodic cues are predictive of 
future events, yearly fluctuations in environmental conditions ex- 
ist, suggesting that small rodents should possess the capacity to 
assess and respond to other environmental cues in addition to 
changes in the light/dark cycle to determine when breeding 
should occur. As has been previously suggested (25), animals in 
unstable environments, especially small rodents that attempt to 
do all of their breeding dlLdng one season, should possess mech- 
anisms to cope with environmental variability so that fitness is 
maximized. Thus, other environmental factors such as tempera- 
Ulre, nutrition, social influences, and variations in genotype 
should interact with, or in some cases override, photoperiod to 
influence breeding in some individuals in a rodent population (8). 

To whom requests for reprints should be addressed. 

Meadow voles (Microtus pennsylvanicus) are a small (30-80 
g), promiscuously breeding arvicoline species found in North 
America above 30°N (10). This species is strongly photoperiodic, 
and the somatic and reproductive development of nearly all 
meadow voles is controlled by photoperiod and the dam's pho- 
toperiodic history (14). By 9 weeks of age, meadow vole juve- 
niles born to dams housed in long day lengths mimicking summer 
(LD; 14 h light/day) develop a light, short pelage, heavy body 
weights (males over 40 g; females over 30 g), and paired testes 
weights over 1 g or uterine weights over 60 mg (15). In contrast, 
at 9 weeks of age, juveniles born to dams housed in short day 
lengths mimicking winter (SD; 10 h light/day) develop a heavy, 
thick pelage, lower body weights (males less than 35 g; females 
less than 30 g), and paired testes and uterine weights less than 
half those seen in LD juveniles (15). At 9 weeks of age, juveniles 
born to photorcfractory dams (PR; dams in SD for 26 weeks prior 
to mating) have body weights and ovarian weights equivalent to 
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TABLE 1 

DIET COMPOSITIONS 

Diet Protein Fat Carbohydra te  F i b e r / A s h  Vitamins/Minerals 

Purina* 5015 17% 11% 50% 9.5% 2.5% 
6-MBOA~" free diet 11.7% 2.9% 81.1% 1.4% 2.9% 
Alfalfa:~ (second cutting) 21.7% 1.7% 50.0% 17.6% 9% 
Sprouted wheat 13.1% 2.9% 74.4% 9.6% 3% 

* Neither Purina 5015 nor Dyets #690001 with Vitamin Mix 300000 contain alfalfa or any "green" food. 
Purina's primary components: ground wheat, soybean meal, ground yellow corn, dried whey, wheatgerm 
meal, brewer's dried yeast, animal fat preserved with BHA, soybean oil, and vitamin and mineral mix. 

t Dyets 6-MBOA-free food (#690001) contains: ground wheat, ground corn, ground rolled oats, and 
vitamin and mineral mix (#300000). 

~: Values for diet composition of alfalfa and wheat were provided from an analysis of sprouted wheat and 
alfalfa by Litchfield Analytical Services, Litchfield, MI. 

those in LD pups', and testicular weights and pelage are inter- 
mediate between those seen in LD and SD pups (15). Reproduc- 
tive maturity as measured by spermatogenic index of PR males 
is equivalent to that of LD males at 9 weeks (15). 

Because meadow voles are short-lived and inhabit northern 
latitudes in which conditions can vary widely from year to year 
(20,24), at least some members of this species should behave as 
facultative breeders (25). That is, when conditions can support 
gestation and lactation, meadow voles should ignore the inhibi- 
tory effects of short daylengths and become reproductively active 
in response to other environmental cues. One cue important for 
the onset of reproductive competence is contained in new vege- 
tation, which emerges in the spring; this cue may fine-tune the 
photoperiod-controlled onset of reproduction (25). This sugges- 
tion is supported by the finding that the onset of plant growth 
varies from year to year in the Colorado Rocky Mountains, and 
that the onset of reproduction in red-backed voles (Clethrionomys 
gapped) parallels that of the plant growth (20). 

One vegetative cue that is correlated with the onset of repro- 
duction is 6-methoxy-2-benzoxazolinone (6-MBOA), a chemical 
produced by fresh, green, growing grasses and sedges in response 
to tissue injury (30). The addition of 6-MBOA in the form of 
sprouted wheat to the diet of laboratory montane voles (Microtus 
montanus), caused increases in uterine weight, the number of 
developing follicles, the number of litters produced, and the num- 
ber of young surviving (3,22,28). In addition, in field popula- 
tions, all M. montanus females receiving supplements of fresh 
wheat grass or 6-MBOA-coated oats in winter were found to be 
pregnant (4,23). Subsequently, other species of voles (M. pine- 
torum, M. townsendii, and M. ochrogaster) have also demon- 
strated reproductive responses to 6-MBOA (12,26,31). 

Green foods other than those containing 6-MBOA (alfalfa, 
spinach, and lettuce) also hasten reproductive development in 
arvicoline rodents (3,18,22,28,29). Thus, it appears that other as- 
pects of green food, such as nutrient or caloric content, may also 
interact with environmental variables such as photoperiod or tem- 
perature to determine breeding onset in small mammals. Meadow 
voles, like other small rodents, probably use some aspect of green 
food to determine the exact timing of the initiation of spring 
breeding, despite their strong photoperiodic responses. However, 
to date, no study has examined the effects of 6-MBOA or green 
plant nutrients on the timing of puberty onset in meadow voles. 

The study reported here investigated the effects of sprouted 
wheat (a grass containing 6-MBOA; (2)) and spring and fall al- 
falfa (green foods containing no 6-MBOA; (2)) that voles find 
highly palatable (18,33) on reproductive development in juvenile 

meadow voles born to dams with different photoperiod histories, 
to determine the effect of diet on pubertal development. 

METHODS 

Animals 

The laboratory M. pennsylvanicus population used in this ex- 
periment is derived from wild stock obtained from Northwestern 
Pennsylvania (40°N) and maintained as an outbred population 
(no sibling or first cousin matings). Subject animais were born 
to dams treated as follows before mating: One group of dams 
(LD) was housed in long day lengths (LD; 14 h light/day) for 10 
weeks after birth and then paired with a maie; a second group 
was housed in LD for 8 weeks after birth and moved to short day 
lengths (SD; 10 h light/day) for two weeks before pairing; and a 
third group was housed in LD for 3 weeks after birth and moved 
to SD for 26 weeks until photorefractory (PR) and then paired 
(14). 

Adult females (10-29 weeks of age) were paired with sexu- 
ally experienced adult males for 2 weeks. Dams and litters re- 
mained in the birth photoperiod throughout the pups' postnatal 
development. Room temperature was maintained at 21 ± 2°C. 
Tap water was available ad lib throughout the experiment. Dams 
had access to Purina diet #5015 ad lib until pups were born. 

Materials 

Spring and fail alfalfa were collected fresh from local fields, 
bagged, and frozen immediately at -20°F. Wheat was sprouted 
on wet brown paper in the laboratory to a height of 10 cm. 
Sprouted wheat not used immediately was frozen at -20°F. The 
6-MBOA-free control diet (Dyets, Inc., Table 1) was ordered in 
small batches and frozen to maintain freshness and retard spoil- 
age. This same diet has been used successfully in experiments 
with other arvicoline rodents (26). Based on fat (9 caYg), protein 
(4 cal/g), and carbohydrate (4 caYg) content (Table 1), the three 
diets did not differ significantly from each other in caloric con- 
tent: the two types of alfalfa had approximately 3.1 cal/g; the 
sprouted wheat approximately 3.7 cal/g, and the control diet ap- 
proximately 3.9 cal/g. Approximate caloric values were calcu- 
lated by multiplying the known percentage in each diet of fat, 
carbohydrates, and protein by the eal/g for each energy source. 

Procedure 

On the day of parturition, the Purina chow was removed and 
LD and SD dams and pups received one of four diets daily: (a) 
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ad lib 6-MBOA-free conurol diet; (b) ad lib control diet plus 3 -  
4 g sprouted wheat dally/animal; (c) ad lib control diet plus 3 -  
4 g spring alfalfa dally/animal; or (d) ad lib control diet plus 3 -  
4 g fall alfalfa daily/animal. The PR dams and pups received diet 
regimens a - c  (no fall alfalfa). Foods were placed inside the cage 
so that they were accessible to pups as soon as they began con- 
suming solids at 10-12 days of age. After weaning (21 days), 
pups were maintained in the photoperiod of birth and continued 
receiving the same experimental diet regimen until autopsied at 
9 weeks of age. All green food was consumed daily. 

Dams (N = 125) and pups (N = 424) were weighed weekly 
and pups were weighed at autopsy (_0.1 g). Young were indi- 
vidually housed after weaning at 21 days of age. Each group 
contained 11-28 young of each sex. 

At 9 weeks of age a lethal dose of pentobarbital sodium was 
administered. Hair depth from pelage surface to skin surface on 
the posterior dorsal surface was measured to the nearest 0.1 mm 
(19). Relative hair density was determined by weighing hair 
shaved from a 1-cm 2 patch of skin (1). Guard and underhair 
lengths were measured to the nearest 0.1 mm (9,19). Nasoanal 
body length was measured to the nearest 0.1 mm. Testes were 
removed, weighed, and stored in 10% formalin, embedded in 
paraffin, sectioned at 5 ram, and counterstained with hematoxylin 
and eosin. Spermatogene,;is was quantified using a 5-point sper- 
matogenic index (SI) (11). Values ranged from 0 to 5, with 5 
representing complete spermatogenesis and 0 representing the 
presence of Sertoli cells zmd spermatogonia only. An SI of 3 or 
greater is indicative of the presence of mature spermatozoa, and 
presumably indicates that the male is fertile. Uteri were removed 
and weighed. Uterine weights exceeding 20 mg indicate that 
Graafian follicles are developing in ovaries (Lee and Meek, un- 
published data). 

Statistics 

Males and females differ for all measures except pelage, and 
sexes were analyzed separately (13). Comparisons of body 
weight, length, and reproductive development at autopsy were 
made for each sex with a two-way ANOVA for photoperiod, food 
type, and photoperiod by food type interactions. Planned con- 
trasts were made with Bonferroni adjusted probabilities using the 
adjusted error terms from the two-way ANOVAs for each de- 
velopmental measure. A one-way ANOVA was used to calculate 
differences in mean pups per litter for each photoperiod at birth 
and weaning. Chi-square was used to determine significant dif- 
ferences between groups in litter loss, the percentage of male 
animals with a spermatogenic index indicating fertility (SI > 3.0) 
and percentage of females with postpubertal uterine weights ex- 
ceeding 20 mg. A value ofp  < 0.05 was considered significant. 
Values are given as mean ___ sem. 

~ S ~ T S  

Photoperiod 

Pelage length, depth, and density were influenced only by 
maternal photoperiod history as reported previously for LD, SD, 
and PR pups (14). Neither sex nor experimental diets had a sig- 
nificant impact on pelage development. 

As previously reported (13,14), maternal photoperiod history 
significantly influenced the development of body weight, body 
length, and reproductive systems in males and females (p < 
0.001 to p < 0.01, depending on trait). Overall, LD pups were 
significantly larger and more LD males and females were post- 
pubertal than were SD or PR pups (Table 2). 

Foodtype 

Food also significantly influenced male and female growth 
and reproductive development (p < 0.001 top < 0.05, depending 
on trait). Overall, pups fed supplements of wheat or alfalfa were 
larger and more reproductively developed than pups fed the con- 
trol diet (Table 2). 

Interactions of Photoperiod and Food Type 

Our hypotheses concern the possible differential development 
of pups within a photoperiod on the different diets; therefore, we 
report on the effect of the diets within each photoperiod. 

Long Day Males 

There were no differences in absolute mean paired testes 
weights among LD males fed the diet supplements (p > 0.05; 
Table 2), but a significantly greater percentage of LD juveniles 
fed spring alfalfa were fertile (SI > 3) than animals fed either 
the control diet (p = 0.01) or sprouted wheat (p = 0.01; Fig. 1A). 
In contrast to the reproductive advantage gained by those con- 
suming spring alfalfa, LD juveniles fed sprouted wheat were sig- 
nificantly heavier (p = 0.01) and longer (p = 0.04) than all other 
LD groups (Table 2). Development of juveniles fed only the con- 
trol diet was delayed for all measures compared with the supple- 
mented groups (p = 0.01; Fig. 1A and Table 2). 

Short Day Males 

Juvenile males fed spring alfalfa were significantly heavier 
than all SD males fed other diets (p = 0.05; Table 2), whereas a 
significantly greater percentage of males fed sprouted wheat were 
fertile (SI > 3; p = 0.01; Fig. 1B). There were no other signifi- 
cant differences among supplemented food groups in SD males. 
Animals fed the control diet were developmentally delayed on 
all measures compared with supplemented groups (p = 0.004; 
Fig 1B and Table 2). 

Photorefractory Males 

There were no developmental differences between groups of 
males fed either spring alfalfa or sprouted wheat (p > 0.05; Fig. 
1C and Table 2). Development of males fed only the control diet 
was delayed for all measures compared with the supplemented 
groups (/7 = 0.01; Fig. 1C and Table 2). 

Long Day Females 

Like their male siblings, LD juvenile females fed sprouted 
wheat were significantly longer (p = 0.01) and heavier (p = 0.01) 
than those fed other food groups (Table 2). LD juvenile females 
fed only the control diet were shorter than all other LD groups 
(p = 0.02) and lighter than LD females fed fall alfalfa (p = 0.003) 
and sprouted wheat (p = 0.01; Table 2), but were not lighter than 
females fed spring alfalfa (p > 0.05). Mean uterine weight did 
not differ significantly among groups (p = 0.327, 2-tailed test; 
Table 2). However, a significantly lower percentage of females 
fed the control diet had uterine weights > 20 mg (p = 0.01; Fig. 
1D) than did the supplemented groups. 

Short Day Females 

There were no differences in body weight, length, uterine 
weight, or percentage of females with uterine weight > 20 mg 
among SD juvenile females fed any of the supplemented diets (p 
> 0.05; Fig. 1E and Table 2). In contrast, control animals had 
significantly lower values than all other groups for body length 
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T A B L E  2 

INTERACTION OF PHOTOPERIOD AND FOOD ON DEVELOPMENT 

Control Spring Alfalfa Fall Alfalfa Sprouted Wheat 

Males 

LD (n = 26) (n = 23) (n = 21) 
Weight (g) 26.1 ± 1.21- 32.9 ± 1.4 35.8 ± 0.9 
Length(cm) 10.8± 1.7t 11.6± 0.1~t 12 .1_ + 0.1 
Testes (mg) 493.0 ± 69.0"~ 901.0 _+ 49.0 917.0 _+ 54.0 

SD (n = 11) (n = 14) (n = 20) 
Weight (mg) 28.4 _+ !.41" 37.5 + 0.9* 34.6 ± 0.9 
Length(cm) 11.1 ± 0.1t" 12.1± 0.1 11.9± 0.1 
Testes (mg) 397.0 _ 64.0-~ 737.0 ± 59.0 605.0 ___ 54.0 

PR (n = 17) (n = 16) 
Weight (mg) 24.6 ± 1.2t 34.9 -+ 1.5 
Length (cm) 10.9 _+ 0.2t 12.1 ± 0.2 
Testes (mg) 147,0 ± 42.0t 580.0 ± 68.0 

Females 

LD (n = 13) (n = 28) (n = 19) 
Weight (g) 2.63 _+ 1.3 II 28.2 ___ 0.9 31.4 ± 1.6§ 
Length(cm) 10.8 ± OAt 11.2 ± 0.1 11.4 _ 0.2 
Uterus (mg) 37.0 ± 7.0 53.0 ± 5.0 53.0 _ 7.0 

SD (n = 25) (n = 23) (n = 16) 
Weight(g) 22.9 _+ 0.6 # 27.4 _+ 0.9 25.1 _+ 0.7 
Length(cm) 1 0 . 5 -  + OAt 11.2± 0.1 10.9__ + 0.1 
Uterus (mg) 29.0 ± 5.0 # 45.0 __. 4.0 42.0 _+ 7.0 

PR (n = 19) (n = 26) 
Weight (g) 21.9 ± 0.81" 26.3 ± 0.7 
Length(cm) 10.5 ___ OAt 11.2 ± 0.1 
Uterus (mg) 15.0 _+ 2.0t 45.0 ± 4.0 

LD = Long Day; SD = Short Day; PR = photorefractory. 
* = significantly greater than all other groups. 
t = significantly less than all other groups. 

= significantly less than fall alfalfa groups. 
§ = significantly greater than spring alfalfa group. 
II = significantly less than fall alfalfa and sprouted wheat groups. 
# = significantly less than spring alfalfa and sprouted wheat groups. 

(n = 12) 
45.3 ± 2.3* 
12.6 + 0.2* 

937.0 ___ 89.0 

(n = 17) 
34.1 ± 1.1 
11.9-- + 0.1 

662.0 ± 48.0 

(n = 18) 
35.2 ___ 1.5 
I 1.9 ± 0.2 

539.0 _ 42.0 

(n = 16) 
37.1 ± 1.4" 
12.1 _ 0.1 '  
53.0 + 8.0 

(n = 17) 
26.2 ± 1.2 
1 1 . 1 -  + 0.2 
47.0 ___ 6.0 

(n = 27) 
28.6 ± 1.1" 
11.6 ± 0.1" 
47.0 ± 6.0 

(p = 0.009) and a lower  percen tage  o f  females  wi th  uter ine 
weight  > 20 m g  (p <: 0.01; Fig. 1E; Table  2). Fema les  fed  the 
control  diet  a lso had signif icantly l ighter  body  (p = 0.02) and 
uterine weights  (p = 0.01) than spr ing alfalfa and sprouted whea t  
groups  (Table 2). 

Photorefractory Females 

Female  of fspr ing  o f  photoref rac tory  dams  fed  sprouted whea t  
were  significantly longer  (p = 0.02) and heavier  (p = 0.05) than 
all o ther  groups  (Table 2). There  were  no d i f fe rences  be tween  
supp lemen ted  food  groups  for  uter ine we igh t  or  the percen tage  
o f  females  wi th  uter ine weigh ts  greater  than 20 m g  (p > 0.05; 
Fig. I F  and Table  2). D e v e l o p m e n t  o f  females  fed  only  the con-  
trol diet  was  de layed  for  all measures  compa red  wi th  the supple-  
men ted  groups  (p = 0.001; Fig.  I F  and Table 2). 

Dams and Litter Size 

Mean  body  weights  o f  dams  in all pho toper iods  were  equiv-  
alent  at parturit ion. PR  litter s izes were  signif icantly larger  at 

birth (mean  = 4.61 ___ 0.26 pups/l i t ter)  than SD litters (mean  = 
3.76 ___ 0.19 pups/li t ter),  but  LD litter size at birth (mean  = 4.1 
__+ 0.25 pups/l i t ter)  d id  not  d i f fer  f rom either  PR  or  SD groups.  
Lit ter  weights  at birth did not  d i f fer  s ignif icantly a m o n g  groups.  
At  wean ing  (21 days) ,  litter sizes for  all pho toper iods  were  not  
statistically di f ferent  (PR mean  = 3.5 +__ 0.234; SD mean  = 3.2 
_+ 0.161; LD mean  = 3.8 ___ 0.259; p = 0.096). Loss  o f  pups  
occur red  a lmost  exclus ively  be t ween  birth and weaning ,  so that 
litter s izes at autopsy (9 weeks)  were  equivalent  to those  at wean-  
ing for  each  food and photoper iod  group.  W e  conc lude  that pho-  
toper iod  and diet  effects  on d e v e l o p m e n t  were  not  due  to litter 
size or  cons is ten t  d i f fe rences  in d a m s '  abil i ty to mainta in  preg-  
nancy  or  lactation. 

DISCUSSION 

The  deve lopmenta l  e f fec t  o f  supp lemen ted  green foods  on 9- 
week-o ld  male  and female  m e a d o w  voles  housed  in all photo-  
per iods  was  dramatic .  C o m p a r e d  to males  and females  fed  the 
control  diet, an imals  fed  any supp lemen ted  diet  were  bigger ,  
longer ,  had greater  test icular  and uter ine weights  and more  were  
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FIG. 1. Comparison of the percentage of long day (A), short day (B), and photorefractory 
(C) males having a spermatogenic index > 3 (which indicates the presence of mature 
spermatozoa) at 9 weeks of age; and comparison of the percentage of long day (D), short 
day (E), and photorefractory (F) females having a uterine weight > 20 mg at 9 weeks of  
age. Control = Dyets Inc. 6-MBOA-free diet; SA = control diet + spring alfalfa; FA = 
control diet + fall alfalfa; SW = control diet + sprouted wheat; *significantly greater than 
all other groups;**significantly less than all other groups; " e "  indicates SA is significantly 
greater than control and SW. 

fertile as measured by spermatogenic index (>3)  and uterine 
weight (>20 mg; Fig. 1 and Table 2). The effect of the green 
foods, with some exceptions, was remarkably uniform, with al- 
falfa and sprouted wheat influencing development similarly 
within each photoperiod group. 

PR males and females fed either sprouted wheat or spring 
alfalfa supplements demonstrated the greatest gains in measures 
of reproductive function of any photoperiod group compared 
with control groups (Fig. 1C and IF). For example, 83% of pho- 
torefractory males fed sprouted wheat and 80% fed spring alfalfa 
had an SI > 3. In comparison, only 9% of photorefractory males 
fed the control diet were fertile (Fig. 1C). 

Significant increases in reproductive function over control 
values did occur for SD and LD males and females fed the food 
supplements (Fig. 1A, 1B, 1D, and 1E). Sprouted wheat was most 
effective in increasing the reproductive development of SD males 
(Fig. 1B), and spring alfalfa was most effective in increasing the 
percentage of LD males with an SI > 3 compared with control 
values (Fig. 1A). There was no significant advantage of one green 
food over another in increasing reproductive function in LD, SD, 
or PR females. 

Somewhat surprisingly, LD animals were affected by the ad- 
dition of green food to the control diet. Both males and females 
fed sprouted wheat showed increases in body size and length 
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compared to animals fed the control diet only. We had expected 
LD animals to be unaffected by added green food because we 
thought the control diet would allow growth and development 
equivalent to that of the Purina diet used in all previous experi- 
ments with these animals (Table 1). However, in this experiment 
both LD and PR pups, but not SD pups, were smaller and less 
developed when fed the control diet compared with animals from 
previous experiments fed the Purina chow (13-15). 

We also expected to observe a difference in development be- 
tween LD animals fed spring and fall alfalfa, because it has pre- 
viously been reported that spring alfalfa accelerated development 
in field voles (M. arvalis) in comparison to fall alfalfa (18). How- 
ever, we found that M. pennsylvanicus reared in long photope- 
riods showed no greater increase in growth or development with 
spring than fall alfalfa (Table 2). 

Clearly, as previously hypothesized (25), green foods have an 
effect on the development of meadow voles. Several studies have 
demonstrated that the compound 6-MBOA has a strong effect on 
reproductive development in the montane vole, a species similar 
in life history and ecology to the meadow vole (4,22,23,28,30). 
The present study does not support such a selective effect of 6- 
MBOA on meadow voles, because alfalfa and sprouted wheat 
had very similar effects on development. This was particularly 
true in SD females, the cohort most often studied in other vole 
species to document the effects of 6-MBOA (4,23). 

If 6-MBOA is not responsible for increasing growth and re- 
productive development in young meadow voles, it is possible 
that calories or nutrients contained in all the supplemented foods 
were responsible. However, none of the diets differed signifi- 
cantly in caloric content, and the diets were also calorically 
equivalent to the Purina diet normally fed our laboratory animals 
(3.7 cal/g). The effects of supplemental alfalfa and sprouted 
wheat on development may have occurred because these foods 
added significant amounts of protein to the diet (Table 1). 
Meadow voles prefer alfalfa and grasses with a high protein con- 
tent and growth is best with a diet containing 11-24% protein 
(5,6,31). The control diet fed in this experiment contained min- 
imal protein (11.7%), unless alfalfa or wheat were added (Table 
1). This hypotheseis is also supported by the evidence that only 
when the low protein control diet was supplemented with wheat 
or alfalfa, did LD and PR pups demonstrate development typi- 
cally seen with Purina chow. Because Purina chow contains no 
alfalfa or 6-MBOA-containing food sources, the pattern of 
growth typically reported for pups in these three photoperiods 
(14,15) is not likely a response to critical chemicals, but rather 
the interaction of of maternal photoperiod history and the higher 
protein food on growth rate. 

It is also possible that 6-MBOA and nutrients such as protein 
interact with specific photoperiod history to exert their effects on 
development. For example, the addition of sprouted wheat (6- 
MBOA) to the control diet increased body size in LD males and 
females and reproductive function (SI) in SD males, but the ef- 
fects of sprouted wheat were equivalent to that of other supple- 
mented foods on other measures of growth and development 

(Fig. 1). A recent study with prairie voles demonstrated that pre- 
natal exposure to 6-MBOA accelerated reproductive develop- 
ment in short-day males (27). Because none of the green foods 
in this study were available prior to partuition, it remains possible 
that we would have found an enhanced effect of green foods 
containing 6-MBOA on reproductive function if it had been fed 
to the dams prior to birth. In the field, animals born at different 
seasons may be prepared (by the dam's photoperiod history) to 
use the nutrient/chemical cues contained in green plants for dif- 
ferent purposes. Thus, 6-MBOA may serve to enhance growth 
in LD animals, but enhance spermatogenesis in SD animals. 

Why should offspring of photorefractory dams respond most 
strongly to the presence of supplemental green food in their diet 
compared with LD and SD young? We suggest that laboratory 
offspring born to photorefractory females are equivalent to ju- 
veniles in the field born in late winter/early spring (i.e., Febru- 
ary-March (7,16,17,21)). Maternal photoperiodic history has 
prepared PR juveniles for seasonal unpredictability with rela- 
tively thick fur, but they also have the ability to grow rapidly and 
reach puberty earlier than SD pups (15). However, the timing of 
the onset of spring conditions favorable for breeding varies from 
year to year in northern climates (20). In the field, the availability 
of fresh growing grasses (such as wheat) or alfalfa probably 
serves as a necessary resource to allow the maternally determined 
growth and reproductive development to occur in young born in 
late winter (PR pups) or summer (LD pups). Pups born to pho- 
torefractory dams, however, seem more sensitive to food re- 
sources as a determinant of development than LD pups, and, in 
the field, the timing of rapid development may be determined 
each year by the onset of plant growth supplying a high protein 
food source. 

In summary, the results suggest that the presence of fresh 
green foods with a high protein content allow rapid growth and 
development in young meadow voles. However, maternal pho- 
toperiod history determines how juveniles develop in response 
to food resources. Juveniles born to LD or photorefractory dams 
are prepared to develop rapidly and become breeding adults, but 
a high-protein diet is necessary to allow that rapid development 
to proceed. For pups born to photorefractory dams, born into an 
unpredictable and variable season, the nutrients found in fresh 
green food may act as the proximate signal for the onset of pu- 
berty. In contrast, pups born to dams housed in short daylengths, 
which in the northern latitudes inhabited by this species predict 
unremittingly harsh winters, are prepared to develop slowly but 
steadily with a low-quality diet, but with the presence of green 
food they can develop more rapidly. 
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