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ABSTRACT: Environmental influences on lactation
efficiency are frequently associated with reductions in
milk output. Heat stress, for example, leads to de-
pressed feed intake and, subsequently, losses in produc-
tion. Conversely, cold stress may limit nutrients avail-
able for milk synthesis. Fortunately, one environmental
factor, photoperiod, can exert a positive effect on dairy
performance when managed properly. Long days have
consistently been shown to improve milk yield during
established lactation. In addition, photoperiod manage-
ment can be used to improve heifer growth and max-
imize accretion of lean tissue, including mammary pa-
renchyma. There is, however, evidence of refractoriness
to long day stimulation. Recent work has focused on
the dry period as a time when photoperiod manipula-
tion can influence subsequent milk production. In con-
trast to lactating cows, multiparous cows benefit from
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Introduction

The response to photoperiod or the relative duration
of light and dark exposure within a day is the most
commonly adapted environmental cue used by animals
to predict changes in and alter physiological responses
to shifts in their physical environment (Gwinner, 1986).
Most often the physiological consequence associated
with photoperiod is the influence on seasonal reproduc-
tive status, although other processes affected by photo-
period include body growth, composition, and pelage
changes. Most seasonal impacts on reproductive compe-
tence have been selected against in breeding the mod-
ern dairy cow, although heat stress remains a major
negative influence. Yet seasonal effects on lactation per-
sist and likely result in large measure from the influ-
ence of photoperiod (reviewed in Dahl et al., 2000). Al-

Received August 16, 2002.
Accepted December 13, 2002.
Corresponding author: Geoffrey E. Dahl; email: gdahl@uiuc.edu.

11

exposure to short days when the dry period is followed
by long days or natural photoperiod after calving. Simi-
larly, primiparous animals also respond positively to
short days late in pregnancy when subsequently ex-
posed to long days during lactation. Furthermore,
emerging evidence suggests that short days positively
influence immune function in cattle. Mechanistically,
it appears that prolactin has a causal relationship with
the observed dairy performance effects during the dry
period and on immune function, via altered sensitivity
to prolactin through differential expression of prolactin
receptor in multiple tissues. The objectives of this paper
include a review of fundamental aspects of photoperiod
physiology, integration of applied and basic research
findings, and development of management recommen-
dations for the entire life cycle of the dairy cow to opti-
mize performance.

though photoperiodic effects on lactation have been
studied most frequently in dairy cows, similar re-
sponses are observed in other domestic species, includ-
ing sheep (Bocquier et al., 1990), goats (Terqui et al.,
1984), and pigs (Stevenson et al., 1983). Emerging evi-
dence suggests that photoperiod also controls seasonal
shifts in immune function and thus animal health
(Dowell, 2001).

The first objective of this review is to consider the
physiological basis of photoperiodic effects on lactation
and immune function and integrate those data to pro-
pose a model of how day length alters the response of
mammary epithelial cells and leukocytes to result in
photoperiodic responses in cell function and metabo-
lism. In addition, recommendations for the application
of photoperiod treatment at the production level will
be made with emphasis on the dry and lactating state
in the mature cow.

Lactating Cows

As summarized in Figure 1, relative to a natural or
short day photoperiod (SDPP), exposure of lactating
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Figure 1. Summary of 10 published studies examining
the effect of increased photoperiod on milk yield in lactat-
ing cows. Full citations appear in the references section.
Solid bars indicate the average daily milk yield (kg/d)
of cows on natural photoperiod (range of 8 to 13.5 hr
light/d; control), whereas open bars indicate milk yield
(kg/d) of cows exposed to extended photoperiod of 16
to 18 hr of light/d.

cows to long days is consistently linked to increases in
milk production (referenced in Figure 2). Indeed, Re-
ksen et al. (1999) analyzed records from 1538 herds in
Norway and observed that across a spectrum of light
exposure from 11.7 to 21.5 h duration, cows with more
light produced more milk. However, continuous lighting
is not associated with greater milk yield, and, in fact,
production between cows on natural photoperiod and
those under 24 h of light did not differ (Marcek and
Swanson, 1984). This is not surprising as photoperiodic
responses occur within a range of entrainment, and
continuous lighting is likely outside this range. Milk
composition in cows is generally unaffected by photope-
riod, although slight depressions of milk fat percentage
have been observed (reviewed in Dahl et al., 2000).

Cows respond to long days at any stage of lactation
and across a range of production levels. Regression
analysis of published data from lactating cows reveals
that the response exhibits a slight positive relationship
with production level (Figure 2). The response to long
days develops gradually but is typically significant after
3 to 4 wk of exposure. The range of duration of long-day
exposure in published studies is 8 to 43 wk. Whether

Figure 2. Scatter plot of the response of milk yield
to long day photoperiod (LDPP; kg/d) compared with
natural photoperiod (control; kg/d) that have been re-
ported in the literature (Peters et al., 1978; Peters et al.,
1981; Marcek and Swanson, 1984; Stanisiewski et al., 1985;
Bilodeau et al., 1989; Phillips and Schofield, 1989; Evans
and Hacker, 1989; Dahl et al., 1997; Miller et al., 1999;
and Porter and Luhman, 2002). Regression analysis yields
the equation for predicting milk response to long days.

or not cows become refractory to long days from the
standpoint of milk yield is unknown, though there is
evidence that a break in exposure to long days during
the dry period can enhance subsequent production (see
below). We have treated cows with long days for up to
20 wk without loss of production increment relative
to natural photoperiod, which suggests that treatment
responses can persist through an entire lactation, al-
though this has not been confirmed experimentally.

It is now generally accepted that long day responses
are mediated via endocrine changes that accompany
changes in light exposure. The initial step in the endo-
crine cascade in response to variable light duration is in
the circadian pattern of melatonin secretion. Melatonin
release from the pineal is inhibited by light; thus, under
natural conditions circulating concentrations are high
at night and undetectable during the day (Hedlund et
al., 1977). Melatonin secretory patterns are responsive
to illumination provided from external sources as well.
The relative concentration of melatonin at critical times
in the endogenous circadian rhythm then influences
physiological interpretation of day length and modu-
lates secretion of other hormones to express shifts in
lactation, growth, and health.

Across ages and gender, the most consistent second-
ary endocrine response to photoperiod is a direct rela-
tionship between photophase duration and circulating
prolactin (PRL; reviewed in Dahl et al., 2000). That is,
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long-day exposure increases PRL relative to shorter
photoperiods. Evidence argues against a direct role for
PRL in the response of lactating cows to long days, as
exogenous PRL does not increase (Plaut et al., 1987),
and bromocriptine does not depress (Schams et al.,
1972) milk yield in lactating cows. Furthermore, long-
day responses are observed at cold temperatures, which
suppress the PRL response (Peters et al., 1981). Long
days are associated with an increase in circulating IGF-
I, an increase that is independent of changes in growth
hormone (GH) secretion (Dahl et al., 1997; Spicer et
al., 1994). The increase in IGF-I observed under long
days is also independent of any shift in hepatic response
to GH, as expression of GH-receptor 1A is unaffected
by photoperiod (Kendall et al., 2003). Yet, the potential
galactopioietic action of IGF-I is the subject of some
controversy, as milk yield responses to mammary infu-
sion of IGF-I have been inconsistent (reviewed in
Tucker, 2000). Recent work in rodents and goats sug-
gests that an interaction between PRL and the IGF
system may play a role in lactational persistency, and
this is a possible mechanistic explanation for the galac-
topoietic impact of long days (Flint et al., 2001). Specifi-
cally, PRL is inversely related to expression of IGF-
binding protein-5 (IGFBP-5), which is considered an
apoptotic factor in the mammary gland. The elevated
PRL observed under long days would thus be expected
to hold IGFBP-5 expression in check and reduce cell
loss in the mammary gland. Such an outcome would be
consistent with higher persistency and greater overall
milk yield. Whereas circulating IGFBP-2 and -3 do not
appear to be altered by photoperiod in lactating cows
(Dahl et al., 1997), recent evidence using a more sensi-
tive approach to detect IGFBP in steers indicates that
IGFBP-3 is elevated under long days relative to short
days (Kendall and Dahl, unpublished). If those findings
are confirmed in lactating cows, reduced IGF-I clear-
ance may provide a mechanistic explanation for the
increases observed under long days. There are no re-
ports that have examined IGFBP-5 directly in cows
exposed to different photoperiods.

Dry Cows—Milk Yield Response

In contrast to the lack of effect of exogenous PRL
during an established lactation in cattle (Plaut et al.,
1987), a robust periparturient PRL surge is essential
to complete lactogenesis at calving (Akers et al., 1981).
Newbold et al. (1991) observed that long days during
the final trimester increased the magnitude of the peri-
parturient PRL surge in heifers. Based on those results,
it was hypothesized that an enhanced PRL surge would
increase production in the next lactation. Three experi-
ments were completed to test that hypothesis in our
laboratories. In the first, 34 multiparous cows were
exposed to either 8L:16D or 16L:8D during the dry pe-
riod to determine the effects on subsequent milk yield
(Miller et al., 2000). At calving, all cows returned to
the ambient photoperiodic conditions of the herd. As in

Figure 3. Milk yield response of cows exposed to short
days (8L:16D, solid bars), long days (16L:8D, open bars),
or long days and fed melatonin (25 mg/d, stippled bars)
during the dry period. Bars represent average daily pro-
duction for wk 1–16 and wk 1–40 of the lactation immedi-
ately following treatment. Letters indicate significant dif-
ferences between treatments (wk 1 to 16, P < 0.03; wk 1
to 40, P < 0.07). All cows were exposed to long days
following parturition. Data adapted from Petitclerc et
al., 1998.

Newbold et al. (1991), long days during the dry period
caused a larger periparturient PRL surge relative to
SDPP. Surprisingly, however, cows exposed to short
days during the dry period produced an average of 3.1
kg/d more milk than cows on long days. In the second
study, cows were exposed to SDPP or long-day photope-
riod (LDPP) during the dry period and then exposed
to LDPP after calving (Petitclerc et al., 1998). Again,
animals on SDPP during the dry period and transferred
to LDPP at parturition produced significantly more
milk relative to those exposed to LDPP while dry and
after calving (Figure 3). In a third study, pregnant heif-
ers were placed on LDPP or SDPP for the final 60 d
before calving (Petitclerc et al., 1990). Similar to the
multiparous cows, exposure to LDPP increased concen-
trations of PRL, but SDPP cows produced more milk
in the first lactation. Clearly, a transfer from a shorter
photoperiod when dry to a longer photoperiod when
lactating maximizes milk yield, but what is the physio-
logical basis for that response?

Cows on SDPP had lower circulating PRL at calving
relative to the LDPP cows (7.7 vs. 15.2 ng/ml). Consid-
ered with the PRL results, these data suggest that in-
creasing the PRL surge via LDPP is without effect on
subsequent yield of milk, but other factors associated
with SDPP were stimulatory. However, a third group
of cows in the second study treated with long days and
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fed melatonin (25 mg/d) in the middle of the photophase
to mimic a short day pattern did not yield more milk
relative to the LDPP group (Figure 3), despite a reduc-
tion in circulating PRL relative to the LDPP cows (9.7
vs. 15.2 ng/ml). Yet previous use of melatonin feeding
to mimic a SDPP in lactating cows has not been success-
ful in altering the milk yield response; thus, melatonin
replacement may not be an appropriate model for a
short day in mature cows with regard to milk produc-
tion (Dahl et al., 2000).

The observed effect of SDPP during the dry period
(and late pregnancy in primiparous animals) may be
due to the fact that animals become refractory to a
constant light pattern and exposure to SDPP resets
a cow’s responsiveness to the stimulatory signal. An
alternative interpretation of the data from the three
studies presented above is that LDPP during the dry
period suppressed milk yield in the subsequent lacta-
tion. Such an interpretation would be consistent with
previous studies in sheep and quail that examined the
influence of direction of photoperiodic change (i.e., expo-
sure to increasing vs. decreasing photoperiod) on re-
sponses of the reproductive systems (Robinson and Fol-
lett, 1982; Robinson and Karsch, 1987). However, com-
parison of 305-d mature equivalent data between the
lactation preceding the LDPP treatment and the lacta-
tion following (i.e., the full record of the data reported
in Miller et al., 2000) revealed no difference between
years. This suggests that the LDPP treatment during
the dry period was not detrimental to the subsequent
lactation. Rather, SDPP during the dry period stimu-
lated subsequent production.

Further confirmation of the importance of dry period
light exposure on subsequent milk yield has emerged
from examination of seasonal effects of parturition on
milk production. It has long been known that cows that
calve in July and August in the Northern Hemisphere,
when day length and temperature are near maximum,
produce less milk than contemporaries that calve in
November and December (Wunder and McGilliard,
1971; Barash et al., 1996). This influence of season of
calving on milk yield has traditionally been attributed
to heat induced depression of intake and subsequent
milk production (Wunder and McGilliard, 1971;
Wolfenson et al., 1988). However, recent work suggests
that a majority of the seasonal effect can be accounted
for by environmental factors during the dry period, spe-
cifically photoperiod. Aharoni et al. (2000) examined
the records of more than 2000 cows and found that
photoperiod exposure during the final 21 d of the dry
period was inversely related to milk yield in the subse-
quent lactation. That is, exposure to SDPP meant that
cows produced 2.1 kg more milk per day than exposure
to a LDPP. Extrapolated out for an entire lactation,
this would be an increase of 640 kg. Putting that into
perspective, that would be about 67% of the expected
increase in response to bST treatment according to label
instructions (Bauman, 1999).

PRL Sensitivity in Peripartum Cows

The apparent paradox of photoperiodic effects on lac-
tating vs. dry cows may be due to the different impacts
of PRL and IGF-I during each physiological state. Spe-
cifically, we believe that PRL is exerting a develop-
mental effect in the dry/transition period, and this re-
sponse is not present once lactation is fully established.
In contrast, the impact of elevated IGF-I during lacta-
tion is a metabolic action at the mammary gland, which
would be absent in the nonlactating state. With regard
to PRL, our theory is that elevated PRL during the dry
period produces a “PRL resistance” at the mammary
gland. At the time of parturition, the periparturient
PRL surge is critical to the secondary stage of lactogen-
esis (Akers et al., 1981), and early in lactation the inter-
play of PRL and PRL-receptor (PRL-r) may be im-
portant to maximize mammary epithelial cell recruit-
ment and differentiation. Cows on a SDPP during the
dry period and transferred to a longer photoperiod in
early lactation would therefore be expected to have
greater PRL-r expression and an increasing concentra-
tion of circulating PRL. Cows on long days in the dry
period would have reduced PRL-r expression and a de-
pressed PRL secretory stimulus due to negative feed-
back. Therefore, an increase in circulating PRL in the
periparturient stage layered over a greater number of
PRL-r should maximize cell numbers and hence lacta-
tion. Direction of change in photoperiod is therefore as
important as absolute duration with regard to the dry
cow response (Robinson and Follett, 1982; Robinson
and Karsch, 1987).

A number of observations support this hypothesis
regarding PRL resistance. Indeed, chronic elevation of
PRL suppresses PRL-r expression (Barash et al., 1983;
Kazmer et al., 1986; Smith et al., 1989). Other physio-
logical perturbations that elevate PRL, such as high
temperature, also have a negative impact on milk yield
in the next lactation (Barash et al., 1996). In contrast
to the previously mentioned lack of effect of PRL on
milk yield in cows once lactation is established, several
reports suggest that PRL elevations may be important
early postpartum. These include the stimulatory effect
of PRL immediately postmilking in goats (Jacquemet
and Prigge, 1991) and the stimulatory effect of multiple
daily milking (e.g., 6 times a day) early in lactation on
milk yield for the remainder of the lactation (Bar-Peled
et al., 1995; Henshaw et al., 2000). The same multiple
daily milking scheme did not induce permanent effects
when imposed on midlactation cows (Bar-Peled et al.,
1995). We have recently observed that frequent milking
in early lactation (i.e., four vs. two milkings per day)
induces a significant, though transient, increase in
PRL-r mRNA using lymphocytes as a proxy for mam-
mary cells (Dahl et al., 2002). Though circumstantial,
these observations all support the concept that increas-
ing PRL with a higher relative PRL-r expression pro-
duces maximal, permanent increases in milk secretory
capacity for that lactation when imposed during the



Photoperiod affects production and health 15

immediate postpartum period. But what is the effect of
photoperiod or PRL itself on PRL-r expression in cattle?
We have used PRL-r mRNA as an index of PRL-r ex-
pression in liver, lymphocytes, and mammary paren-
chyma in steer calves (Auchtung et al., 2002a). Expres-
sion of PRL-r mRNA was inversely related to plasma
PRL concentrations; thus, SDPP increased PRL-r
mRNA relative to LDPP. More importantly, when the
same calves had photoperiodic treatments reversed, the
effects on PRL and PRL-r reversed also, suggesting that
photoperiodic shifts in PRL secretion mediated these
shifts in PRL-r expression. In addition, relative expres-
sion of PRL-r moved in parallel in the three tissues,
indicating that lymphocytes can be used to track shifts
in PRL-r expression in other tissues without the inva-
sive disruption of a biopsy.

Photoperiod and Mammogenesis

In addition to the impact in the mature cow, photope-
riod manipulation has effects on mammary develop-
ment. Relative to short days, parenchymal cell number
was greater in heifers exposed to long days during the
prepubertal period (Petitclerc et al., 1985). Because
long days hasten puberty (reviewed by Hansen, 1985),
a portion of that growth may be associated with the
acceleration in gonadal steroid secretion associated
with long day treatment. However, long days also in-
crease parenchymal cell number after puberty, sug-
gesting that other factors in addition to gonadal steroids
play a role (Petitclerc et al., 1985). Certainly the effects
of photoperiod on PRL and IGF-I would be consistent
with greater mammary growth, though definitive ex-
periments have not been reported.

Photoperiodic Effects on Health

In the wild, animals must adjust their growth, repro-
duction, and lactational priorities to meet the energetic
demands and resource limitations that occur on a sea-
sonal basis, so to they are likely to face seasonal shifts
in pathogens. Thus, annual patterns of variation in
immune function have been observed in many species,
yet the physiological foundation for those patterns is
unknown (Dowell, 2001). Because of the linkage to other
seasonal responses, a role for photoperiod has been in-
vestigated. In hamsters, photoperiod alters immune
function (Yellon et al., 1999), with short days reducing
the severity of infectious responses (Bilbo et al., 2002a,
2002b). Photoperiod induced shifts in cortisol and PRL
have been implicated in the development of this altered
immune function in rodents, and preliminary evidence
from one of our laboratories suggests that PRL serves
a similar role in the bovine.

Because PRL is considered a cytokine and PRL-r is
a member of the cytokine receptor superfamily (Kelly
et al., 1991), our initial inquiry related to identification
of PRL-r on lymphocytes. In steer calves, quantification
of PRL-r mRNA using real-time PCR led to the observa-

tions that bovine lymphocytes express short and long
forms of PRL-r (Auchtung et al., 2001, 2002b), and ex-
pression of both forms of PRL-r increases under SDPP,
inverse to the shift in PRL secretion observed with that
photoperiod (Auchtung et al., 2001). Further, SDPP was
associated with greater lymphocyte proliferation in
vitro, and this was reversed with reversal of photope-
riod treatment (Auchtung et al., 2002a). These observa-
tions support the hypothesis that short days enhance
immune function in calves, yet questions remain re-
garding application to mature cows.

The transition period from the dry to lactating state
is the acme of immunosuppression in the lactation cycle.
Because cows exposed to SDPP when dry produce more
milk in the next lactation, it became critical to evaluate
the effect of SDPP on immune function to ensure that
further immunosuppression did not occur and negate
the production effect. Preliminary results suggest that
cows on SDPP when dry had greater PRL-r expression
and lower circulating PRL relative to LDPP cows. In
addition, SDPP dry cows had increased lymphocyte pro-
liferation and chemotaxis response to interleukin-8
(Auchtung and Dahl, unpublished). Cows on SDPP also
subsequently produced more milk. These results sug-
gest that exposure to SDPP during the dry period not
only improve production in the subsequent lactation but
also potentially improve animal health and well-being.

With regard to health, it is important to consider the
potential influence then of LDPP in lactating cows. That
is, will cows exposed to LDPP to increase production
have higher incidence of disease? The photoperiod liter-
ature does not support this speculation, as there were
no reports of increased mastitis or other infectious dis-
ease in cows on LDPP relative to natural photoperiod.
It is most likely that LDPP exposure would not heighten
the incidence of disease, as the risk is greatest during
the transition phase, and once lactation is fully estab-
lished, disease incidence is dramatically reduced. In
addition, the increment from a natural photoperiod to
LDPP may be insufficient to significantly influence im-
mune function. These questions remain, however, as
areas requiring further investigation.

Summary and Recommendations

Some 25 yr after the initial report of galactopoietic
effects of long days in cattle, new findings continue to
increase our understanding of the role of photoperiod
in production and health. Considering the research to
date, we can make the following recommendations re-
garding light exposure during the life cycle of the cow.
First, heifers should be exposed to LDPP during the
postweaning phase until puberty to maximize mam-
mary parenchymal growth. Data for yearling heifers is
lacking at present. However, during the final 60 d of
pregnancy, primiparous heifers and dry cows should
be under SDPP to maximize production in the next
lactation and enhance immune function in the transi-
tion period. During lactation, exposure to LDPP is rec-
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ommended to increase milk yield, particularly in cases
where dry period exposure to SDPP is not possible.

Acknowledgments

Studies described in this paper have been supported
by the Agricultural Experiment Stations of Maryland
and Illinois, Agriculture and Agri-Food Canada, Phar-
macia and Upjohn Animal Health, USDA-Binational
Agricultural Research and Development Fund (01-
3201), and the Illinois Council for Food and Agricultural
Research. The authors express appreciation to Tera
Auchtung, Paul Kendall, Allison Miller, Thomas
McFadden, Janeen Salak-Johnson, Pierre Lacasse, C.
M. Vinet, and G. Roy for their assistance in the conduct
of these studies. Dairy and Swine R&D Centre contribu-
tion No. 789.

Literature Cited

Aharoni, Y., A. Brosh, and E. Ezra. 2000. Short Communication:
Prepartum photoperiod effect on milk yield and composition in
dairy cows. J. Dairy Sci. 83:2779–2781.

Akers, R. M., D. E. Bauman, A. V. Capuco, G. T. Goodman, and
H. A. Tucker. 1981. Prolactin regulation of milk secretion and
biochemical differentiation of mammary epithelial cells in peri-
parturient cows. Endocrinology 109:23–30.

Auchtung, T. L., B. C. Pollard, P. E. Kendall, T. B. McFadden, and
G. E. Dahl. 2002a. Prolactin receptor expression responds to
photoperiod similarly in multiple tissues in dairy cattle. J. Anim.
Sci. 80(Suppl. 1):9. (Abstr.)

Auchtung, T. L., J. Salak-Johnson, and G. E. Dahl. 2002b. Short day
photoperiod enhances lymphocyte proliferation in dairy cattle.
J. Anim. Sci. 80(Suppl. 1):21. (Abstr.)

Auchtung, T. L., P. E. Kendall, and G. E. Dahl. 2001. Bovine lympho-
cytes express prolactin receptor (PRL-R) mRNA: A potential
mechanism for PRL effects on immune function. J. Anim. Sci.
79(Suppl. 1):9. (Abstr.)

Barash, H., N. Silanikove, and J. I. Weller. 1996. Effect of season of
birth on milk, fat, and protein production of Israeli Holsteins.
J. Dairy Sci. 79:1016–1020.

Barash, I., Z. Madar, and A. Gertler. 1983. Down-regulation of prolac-
tin receptors in the liver, mammary gland and kidney of female
virgin rat, infused with ovine prolactin or human growth hor-
mone. Biochem. Biophys. Res. Commun. 116:644–650.

Bar-Peled, U., E. Maltz, I. Bruckental, Y. Folman, Y. Kali, H. Gacitua,
A. R. Lehrer, C. H. Knight, B. Robinzon, H. Voet, and H. Tagari.
1995. Relationship between frequent milking or suckling in early
lactation and milk production of high producing dairy cows. J.
Dairy Sci. 78:2726–2736.

Bauman, D. E. 1999. Bovine somatotropin and lactation: From basic
science to commercial application. Domest. Anim. Endocrinol.
17:101–116.

Bilbo, S. D., D. L. Drazen, N. Quan, L. He, and R. J. Nelson. 2002a.
Short day lengths attenuate the symptoms of infection in Sibe-
rian hamsters. Proc. R. Soc. Lond. B 269:447–454.

Bilbo, S. D., F. S. Dhabhar, K. Viswanathan, A. Saul, S. M. Yellon,
and R. J. Nelson. 2002b. Short day lengths augment stress-
induced leukocyte trafficking and stress-induced enhancement
of skin immune function. Proc. Natl. Acad. Sci. 99:4067–4072.

Bilodeau, P. P., D. Petitclerc, N. St. Pierre, G. Pelletier, and G. J.
St. Laurent. 1989. Effects of photoperiod and pair-feeding on
lactation of cows fed corn or barley grain in total mixed rations.
J. Dairy Sci. 72:2999–3005.

Bocquier, F., G. Kann, and M. Theriez. 1990. Relationships between
secretory patterns of growth hormone, prolactin and body re-

serves and milk yield in dairy ewes under different photoperiod
and feeding conditions. Anim. Prod. 51:115–125.

Dahl, G. E., T. L. Auchtung, J. P. Underwood, and J. K. Drackley.
2002. Frequent milking in early lactation that increases milk
yield also increases prolactin receptor mRNA expression. J.
Anim. Sci. 80(Suppl. 1):53. (Abstr.)

Dahl, G. E., B. A. Buchanan, and H. A. Tucker. 2000. Photoperiodic
effects on dairy cattle: A review. J. Dairy Sci. 83:885–893.

Dahl, G. E., T. H. Elsasser, A. V. Capuco, R. A. Erdman, and R. R.
Peters. 1997. Effects of long day photoperiod on milk yield and
circulating insulin-like growth factor-1. J. Dairy Sci. 80:2784–
2789.

Dowell, S. F. 2001. Seasonal variation in host susceptibility and cycles
of certain infectious diseases. Emerg. Infec. Dis. 7:369–374.

Evans, N. M., and R. R. Hacker. 1989. Effect of chronobiological
manipulation of lactation in the dairy cow. J. Dairy Sci.
72:2921–2927.

Flint, D. J., E. Tonner, C. H. Knight, C. B. A. Whitelaw, J. Webster,
M. Barber, and G. Allan. 2001. Control of mammary involution
by insulin-like growth factor binding proteins: Role of prolactin.
Livest. Prod. Sci. 70:115–120.

Gwinner, E. 1986. Circannual Rhythms: Endogenous Annual Clocks
in the Organization of Seasonal Processes. Springer Verlag,
New York.

Hansen, P. J. 1985. Seasonal modulation of puberty and the postpar-
tum anestrus in cattle. Livest. Prod. Sci. 12:309–327.

Hedlund, L. M., M. Lischko, M. D. Rollag, and G. D. Niswender.
1977. Melatonin: Daily cycle in plasma and cerebrospinal fluid
in calves. Science 195:686–687.

Henshaw, A. H., M. Varner, and R. A. Erdman. 2000. The effects of
six times a day milking in early lactation on milk yield, milk
composition, body condition and reproduction. J. Dairy Sci.
83(Suppl. 1):242. (Abstr.)

Jacquemet, N., and E. C. Prigge. 1991. Effect of increased postmilking
prolactin concentrations on lactation, plasma metabolites, and
pancreatic hormones in lactating goats. J. Dairy Sci. 74:109–114.

Kazmer, G. W., M. A. Barnes, R. M. Akers, and W. D. Whittier.
1986. Lactogenic hormone receptors in mammary membrane
preparations from prepartum and 60 and 180 day post-partum
Holstein cattle. J. Endocrinol. 109:175–180.

Kelly, P. A., J. Djiane, M. C. Postel-Vinay, M. Edery. 1991. The
prolactin/growth hormone receptor family. Endocrinol. Rev.
12:235–251.

Kendall, P. E., T. L. Auchtung, K. S. Swanson, R. P. Radcliff, M. C.
Lucy, J. K. Drackley, and G. E. Dahl. 2003. Effect of photoperiod
on hepatic growth hormone receptor 1A expression in steer
calves. J. Anim. Sci. 81:1440–1446.

Marcek, J. M., and L. V. Swanson. 1984. Effect of photoperiod on
milk production and prolactin of Holstein dairy cows. J. Dairy
Sci. 67:2380–2388.

Miller, A. R. E., R. A. Erdman, L. W. Douglass, and G. E. Dahl. 2000.
Effects of photoperiodic manipulation during the dry period of
dairy cows. J. Dairy Sci. 83:962–967.

Miller, A. R. E., E. P. Stanisiewski, R. A. Erdman, L. W. Douglass,
and G. E. Dahl. 1999. Effects of long daily photoperiod and
bovine somatotropin (Trobest) on milk yield in cows. J. Dairy
Sci. 82:1716–1722.

Newbold, J. A., L. T. Chapin, S. A. Zinn, and H. A. Tucker. 1991.
Effects of photoperiod on mammary development and concentra-
tion of hormones in serum of pregnant dairy heifers. J. Dairy
Sci. 74:100–108.

Peters, R. R., L. T. Chapin, R. S. Emery, and H. A. Tucker. 1981. Milk
yield, feed intake, prolactin growth hormone, and glucocorticoid
response of cows to supplemental light. J. Dairy Sci. 64:1671–
1678.

Peters, R. R., L. T. Chapin, K. B. Leining, and H. A. Tucker. 1978.
Supplemental lighting stimulates growth and lactation in cattle.
Science 199:911–912.

Petitclerc, D., C. M. Vinet, G. Roy, and P. Lacasse. 1998. Prepartum
photoperiod and melatonin feeding on milk production and pro-



Photoperiod affects production and health 17

lactin concentrations of dairy heifers and cows. J. Dairy Sci.
81(Suppl. 1):251. (Abstr.)

Petitclerc, D., C. M. Vinet, and P. Lacasse. 1990. Peripartum effects
of photoperiod and lactose on primiparous Holstein heifers. 41st
Annu. Mtg. EAAP, Volume II:86–87.

Petitclerc, D., R. D. Kineman, S. A. Zinn, and H. A. Tucker. 1985.
Mammary growth response of Holstein heifers to photoperiod.
J. Dairy Sci. 68:86–90.

Phillips, C. J. C., and S. A. Schofield. 1989. The effect of supplemen-
tary light on the production and behavior of dairy cows. Anim.
Prod. 48:293–303.

Plaut, K., D. E. Bauman, N. Agergaard, and R. M. Akers. 1987. Effect
of exogenous prolactin administration on lactational perfor-
mance of dairy cows. Domest. Anim. Endocrinol. 4:279–290.

Porter, P. A., and C. M. Luhman. 2002. Changing photoperiod im-
proves persistency in high producing Holstein cows. J. Dairy
Sci. 85(Suppl. 1):(MidWest Sect. Abstr.).

Reksen, O., A. Tverdal, K. Lansverk, E. Kommisrud, K. E. Boe, and
E. Ropstad. 1999. Effects of photointensity and photoperiod on
milk yield and reproductive performance of Norwegian red cat-
tle. J. Dairy Sci. 82:810–816.

Robinson, J. E., and B. K. Follett. 1982. Photoperiodism in Japanese
quail: The termination of seasonal breeding by photorefractori-
ness. Proc. R. Soc. Lond. B. 215:95–116.

Robinson, J. E., and F. J. Karsch. 1987. Photoperiodic history and a
changing melatonin pattern can determine the neuroendocrine
response of the ewe to daylength. J. Reprod. Fertil. 80:159–165.

Schams, D., V. Rienhardt, and H. Karg. 1972. Effects of 2-Br-α-
ergokryptine on plasma prolactin level during parturition and
onset of lactation in cows. Experientia 28:697–699.

Smith, J. J., A. V. Capuco, W. E. Beal, and R. M. Akers. 1989. Associa-
tion of prolactin and insulin receptors with mammogenesis and
lobulo-alveolar formation in pregnant ewes. Int. J. Biochem.
21:73–81.

Spicer, L. J., B. A. Buchanan, L. T. Chapin, and H. A. Tucker. 1994.
Effect of 4 months of exposure to various durations of light
on serum insulin-like growth factor-1 (IGF-1) in prepubertal
Holstein heifers. J. Anim. Sci. 72(Suppl. 1):178. (Abstr.)

Stanisiewski, E. P., R. W. Mellenberger, C. R. Anderson, and H. A.
Tucker. 1985. Effect of photoperiod on milk yield and milk fat
in commercial dairy herds. J. Dairy Sci. 68:1134–1140.

Stevenson, J. S., D. S. Pollmann, D. L. Davis, and J. P. Murphy.
1983. Influence of light on sow performance during and after
lactation. J. Anim. Sci. 56:1282–1286.

Terqui, M., C. Delouis, and R. Ortavant. 1984. Photoperiodism and
hormones in sheep and goats. Pages 246–259 in Manipulation
of Growth in Farm Animals. J. F. Roche and D. O’Callaghan,
ed. Martinus Nijhoff, The Hague, The Netherlands.

Tucker, H. A. 2000. Hormones, mammary growth and lactation: A
41-year perspective. J. Dairy Sci. 83:874–884.

Wolfenson, D., I. Flamenbaum, and A. Berman. 1988. Dry period
heat stress relief effects on prepartum progesterone, calf birth
weight, and milk production. J. Dairy Sci. 71:809–818.

Wunder, W. W., and L. D. McGilliard. 1971. Seasons of calving: Age,
management, and genetic differences for milk. J. Dairy Sci.
54:1652–1661.

Yellon, S. M., O. R. Fagoaga, and S. L. Nehlsen-Cannarella. 1999.
Influence of photoperiod on immune cell functions in the male
Siberian hamster. Am. J. Physiol. 276:R97–R102.


