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Abstract  Occurrence of 24-h rhythms in species apparently lacking functional
molecular clockwork indicates that strong circadian mechanisms are not essential
prerequisites of robust timing, and that rhythmical patterns may arise instead as
passive responses to periodically changing environmental stimuli. Thus, in a new
synthesis of grazing in a ruminant (MINDY), crepuscular peaks of activity emerge
from interactions between internal and external stimuli that influence motivation
to feed, and the influence of the light/dark cycle is mediated through the effect of
low nocturnal levels of food intake on gastric function. Drawing on risk allocation
theory, we hypothesized that the timing of behavior in ruminants is influenced by
the independent effects of light on motivation to feed and perceived risk of preda-
tion. We predicted that the antithetical relationship between these 2 drivers would
vary with photoperiod, resulting in a systematic shift in the phase of activity rela-
tive to the solar cycle across the year. This prediction was formalized in a model
in which phase of activity emerges from a photoperiod-dependent trade-off
between food and safety. We tested this model using data on the temporal pattern
of activity in reindeer/caribou Rangifer tarandus free-living at natural mountain
pasture in sub-Arctic Norway. The resulting nonlinear relationship between the
phasing of crepuscular activity and photoperiod, consistent with the model, sug-
gests a mechanism for behavioral timing that is independent of the core circadian
system. We anticipate that such timing depends on integration of metabolic feed-
back from the digestive system and the activity of the glucocorticoid axis which
modulates the behavioral responses of the animal to environmental hazard.
The hypothalamus is the obvious neural substrate to achieve this integration.
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Robust daily timing synchronized by the solar
cycle is a prominent feature of animal behavior.
According to the standard model developed half a
century ago, such timing is a product of interaction
between endogenous, self-sustaining (i.e., circadian)
rhythms and the organism’s response(s) to periodi-
cally changing environmental stimuli (Pittendrigh,
1960; Aschoff, 1960, 1966). In functional terms, circa-
dian components of temporal organization, entrained
by exogenous cues such as the 24-h light-dark (LD)
cycle, confer fitness by enabling animals to synchro-
nize their physiological state with rhythmic variation
in environmental factors that influence their perfor-
mance (Daan, 1981; Woods and Strubbe, 1994).

Strong circadian mechanisms are not, however,
essential prerequisites of robust timing. Distinct cre-
puscular (i.e., dawn and dusk) peaks of locomotor
activity in reindeer/caribou (Rangifer tarandus; here-
after “Rangifer”), for instance, track the solar cycle
across the year (Erriksson et al., 1981) despite the
apparent absence of a functional molecular clock-
work in this species (Stokkan et al., 2007; Lu et al,,
2010). Consistent with a weak circadian drive, these
peaks persist neither during the continuous daylight
of the northern summer nor, crucially, during the con-
tinuous darkness of the high Arctic winter (Svalbard
reindeer at 78° N latitude: van Oort et al., 2005, 2007),
implying that rhythmical patterns occur only as a
passive response to the LD cycle.

The LD cycle has a powerful influence on the tem-
poral pattern of activity in ruminants mediated
through its effect on gastric function. Lengthy reten-
tion time of digesta (Clauss et al., 2010) generates an
ultradian rhythm of activity in which bouts of forag-
ing, typically lasting 0.5 to 4 h, alternate with bouts of
rumination/resting of similar duration (Van Soest,
1982; Forbes, 1995; Gregorini et al., 2006). The result-
ing rhythm has a period of around 4 to 6 h (e.g., Gibb,
2007; van Oort et al., 2007) but is often only weakly
expressed owing to the appearance of pronounced
crepuscular peaks of activity that superimpose a
strong 24-h rhythm on the ultradian component
(Gregorini, 2012).

Gregorini and colleagues (2013, 2015) proposed a
synthetic model of a grazing ruminant (MINDY) in
which the crepuscular peaks of grazing are a product
of interaction between internal and external stimuli
that influence motivation to feed. Foremost among
the latter is light. Ruminants are generally less active
and graze little in the dark (e.g., Georgii, 1981; Gibb
et al., 1998; Rutter, 2006; Pagon et al., 2013; Sheahan
et al., 2013; Owen-Smith and Goodall, 2014) owing to
their being 1) prone to attack by nocturnal/crepuscu-
lar predators, 2) better able to detect predators in day-
light, and 3) more conspicuous and therefore more
susceptible to attack when active (e.g., Lima and Dill,

1990; Kie, 1999). The resulting low nocturnal levels of
feed intake (Sibbald, 1994; Stimmelmayr, 2001; Graf
et al., 2005), in conjunction with a long and intensive
period of rumination, diminish both the supply of
nutrients from the rumen and ruminal fill, thus
increasing the animal’s motivation to feed in the
morning (Gregorini, 2012). In MINDY, therefore, the
prominent bout of grazing activity at dawn is mod-
eled as a consequence of a drive to alleviate discom-
fort associated with hunger by redressing the energy
deficit accumulated across the preceding night, while
the prominent bout at dusk is modeled as a response
aimed at promoting a steady release of nutrients at
night (Gregorini et al., 2013). Implicit in this model,
light is a proxy for risk of predation and influences
the behavioral state of the animal for that reason. The
timing of grazing events is, thus, a result of a direct
effect of 1) the level of light (i.e., the perceived level of
risk) on the subject’s behavioral state and 2) an indi-
rect (passive) effect of light on its internal state in
terms of rumen function. Perception of light and hun-
ger set the onset of feeding at dawn while perception
of light and food intake delimit the offset of feeding
at dusk.

MINDY thus embraces 2 dimensions: energy
transactions and light. However, while the dynamics
of the former in relation to grazing behavior have
been examined in some detail (Forbes and Gregorini,
2014; Gregorini, 2012; Gregorini et al., 2013, 2015), the
richness of the latter has been little explored in this
respect. There are, for instance, few data and no mod-
els bearing directly on whether ruminants associate
darkness with danger (Gregorini et al., 2006) or on
light-dependent alertness in this group. Moreover,
MINDY in its present form fails to embrace the situa-
tion where behavioral decisions are simultaneously
state and risk dependent. Both conditions may alter
the priority afforded food and safety and hence the
temporal distribution of activity (Gregorini et al.,
2006; Ferrari et al., 2009; Kotler et al., 2010; Matassa
and Trussell, 2014).

In contrast to MINDY, risk allocation (RA) models
focus specifically on how animals allocate time in
relation to the temporal distribution of risk and their
energy state. The optimal strategy maximizing fitness
is modeled in terms of a trade-off between 2 mutually
incompatible behavioral states: foraging and not for-
aging. When foraging (strategy “Food”), prey gain
energy but are exposed to increased risk of predation;
not foraging (strategy “Safety”) reduces risk of pre-
dation but at the cost of zero energy intake (Brown
and Kotler, 2004; Bednekoff, 2007; Hebblewhite and
Merrill, 2009). High motivation to feed, reflecting
high energy demand or low opportunity for or
reward of feeding, is assumed to increase tolerance of
risk (i.e., the level of risk that prey accept before



524 JOURNAL OF BIOLOGICAL RHYTHMS / October 2016

ceasing to forage). High risk, in terms of the frequency
and amplitude of hazard, on the other hand, may
drive prey to abandon feeding opportunities (e.g.,
Fortin et al., 2015). It follows that where energy gain
has a higher priority than survival, temporal parti-
tioning between predators and prey is predicted to
decrease, reflecting the likelihood that the emergent
pattern of activity in prey is driven chiefly by their
internal state (energy balance; Brodin, 2007; Cozzi
et al., 2012; Lehmann et al., 2012; Bonter et al., 2013).
Ultimately, this may result in reversal of the temporal
pattern of behavior (“temporal niche switching”; Hut
et al., 2012) as, for instance, where normally noctur-
nal or crepuscular prey adopt daylight or moonlight
foraging (e.g., Haftorn, 1989; Duvergé et al., 2000;
Rutter et al., 2002; Berger and Gotthard, 2008; Ferrari
et al., 2009; Prugh and Golden, 2014). Conversely,
where safety has higher priority than energy gain,
temporal partitioning between predators and prey is
predicted to increase, reflecting the fact that the emer-
gent pattern of activity is chiefly predator driven.

Risk allocation models extend the dynamic range
of decision making beyond that of MINDY but are
arbitrary with respect to solar time. They consider
neither circadian organization nor the influence of
the LD cycle of gastric function (but see Bednekoff
and Houston, 1994). The RA and MINDY approaches
are not, however, mutually exclusive. We hypothe-
size that behavioral timing is influenced simultane-
ously by the independent effects of light on motivation
to feed and on the perceived level of risk. Specifically,
we predict that the antithetical relationship between
these 2 drivers varies with photoperiod, resulting,
therefore, in a systematic shift in the phase of activity
relative to the solar cycle across the year. Here we for-
malize this prediction in a single model that we test
using data on the temporal pattern of activity in
Rangifer. Trade-off models formulated to include
photodependency in both drivers have good poten-
tial for explaining shifts in the timing of daily behav-
ior in natural settings.

MATERIALS AND METHODS

Animal and Behavioral Activity

This study is based on data on general locomotor
activity defined as endogenous movement with a
spatial component at the level of the whole organism.
For large ungulates, this includes grazing, walking/
trotting, and social interactions but not ruminating
(whether performed lying down or standing), and
>85% of locomotor activity in female Rangifer is asso-
ciated with grazing (Skogland, 1984; Tyler, 1987;
Boertje, 1985).

Among large ungulates, Rangifer is a useful animal
model in which to test the interactive effects of photo-
period and predation hazard on behavioral timing for 2
reasons. First, as a boreal to super-boreal species com-
plex, it is naturally exposed to the maximum possible
range of photoperiod (PP), extending from PP =24 h in
mid-summer to PP = 0 h in mid-winter. Second, it is
preyed on by a variety of typically nocturnal/crepus-
cular mammal predators, including bear (Ursus spe-
cies) (Boertje et al., 1988; Mowat and Heard, 2006),
cougar (Puma concolor) (Wittmer, 2004), lynx (Lynx lynx)
(Andrén et al., 2011; Mattisson et al., 2014), wolf (Canis
lupus) (Dale et al., 1994; Kojola et al., 2004; Hebblewhite
et al., 2007), and wolverine (Gulo gulo) (Wittmer, 2004;
Andrén et al., 2011).

Data

Data consisted of continuous 24-h x 329-day
records of general locomotor activity obtained in each
of 6 female reindeer Rangifer tarandus tarandus
(Figure 1). The animals, aged >31 months at the start
of trials, formed part of a herd of approximately 700
semi-domesticated reindeer that belonged to Sami
pastoralists and grazed freely at natural mountain
pasture around 70° N, 25° E in northern Norway
throughout the year. All data were created and stored
in 15-min bins in accelerometer-based loggers worn
by the animals from which they were subsequently
exported into spreadsheets (for details, see van Oort
et al., 2004). Permission to work with the reindeer
was granted by the Norwegian Committee on Ethics
in Animal Experimentation.

Solar data for the location of the animals were
extracted from http://aa.usno.navy.mil/data/docs/
RS_OneYear.php.

Terminology

Bout: An uninterrupted sequence of 15-min bins of
data of one sort (i.e., either activity or inactiv-
ity). n (bins) for a single bout is therefore >1.

Crepuscular activity: Activity performed mainly
around dawn and/or dusk.

Dawn and dusk bouts of activity: Bouts coincident
with the instant of sunrise or sunset,
respectively.

Phase angle difference (\¥'): The interval (h) between
a given stage of a bout of activity and the instant
of sunrise or sunset. Following Daan and
Aschoff (1975), values of ¥,,.,, (= the start of the
dawn bout of activity) are by definition positive
(precede sunrise) while values of ¥, (= the
end of the dusk bout of activity) are necessarily
negative (follow sunset).


http://aa.usno.navy.mil/data/docs/RS_OneYear.php
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Figure 1.

(A) Double-plotted actogram running from December to November for 1 of the 6 free-ranging female reindeer in the present

trial (age at start of trial = 31 months). Each line represents 2 consecutive days (days 1-2, days 2-3, etc.); the abscissa is time of day (hours).
Bouts of activity (black horizontal bars) are interspersed with bouts of inactivity (open spaces). Colored lines indicate the instant of civil
twilight in the morning and evening (orange) and of sunrise and sunset (yellow). Note how from the beginning of March, as the nights
grew shorter, the single nocturnal bout of activity first approached and then, in mid-April, fused with the dawn bout (blue rectangles).
Figure from van Oort et al. (2007) with permission. (B) Rate of activity in consecutive 15-min intervals (bins) across 24 h x 13 days cen-
tered on December 25 and 24 h x 21 days centered on 21 March, 21 June, and 21 September. Data (logger counts per bin; from panel A) are
plotted as mean (SD). Photoperiod for the 21st of each month is indicated in a horizontal band at the bottom of each graph (black = sun
>6° below the horizon; gray = sun between 0° and 6° below the horizon, i.e., twilight; white = sun above the horizon).

Conceptual Model and Statistical Analysis

Trade-off model (Figure 2A). We developed a qualita-
tive graphical model of the phasing of dawn and
dusk bouts of activity. The model defines the point of
onset of activity at dawn and the point of offset of
activity at dusk in terms of 1) a trade-off between the
motivation to feed at these 2 times (M) and 2) the per-
ceived risk of attack by nocturnal/crepuscular preda-
tors (Pg) to which animals respond by seeking safety
through inactivity (i.e., not feeding). M is a product of
hunger dynamics modeled under 5 assumptions: 1)
animals are reluctant to feed in the dark, 2) M
increases with inactivity (i.e., zero food intake) owing
to progressive decline in the supply of nutrients from

the rumen and decreases with activity owing to the
reverse (i.e., the approach to satiation; Gregorini,
2011; Gregorini et al., 2009b, 2011), 3) the probability
of activity increases with M (Gregorini et al., 2007,
2009a; Gregorini, 2011) and decreases with P, (Lima
and Bednekoff, 1999; Higginson et al., 2012; Fortin
et al., 2015), 4) a bout of activity starts when M > P,
and ends when Py > M (Fortin et al., 2015), and 5) P,
decreases with light (i.e., predators are nocturnal/
crepuscular). From these assumptions, it follows that
M increases as P decreases toward sunrise while it
decreases as Py increases after sunset. Abscissa val-
ues where M = P represent the optimal phase angle
differences for maximizing energy intake and mini-
mizing risk of predation and, hence, the time of start
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Figure 2. Conceptual model of the effect of photoperiod on the phasing of dawn and dusk bouts of activity in a wild ruminant. (A) Setting
the phase angle difference. Trade-off between motivation to feed at dawn and dusk (blue line, M) and the perceived instantaneous risk of
attack by nocturnal/crepuscular predators (yellow line, P;), which sets the onset of activity before sunrise and the offset of activity after
sunset. We are concerned only with the value of M during the crepuscular phase. Thus, M increases toward sunrise, owing to reduced feed-
ing in darkness, and decreases after sunset owing to feeding at dusk. P, takes a maximum value during full darkness and a minimal value
between sunrise and sunset. Its transit from maximum to minimum (dawn) and from minimum to maximum (dusk) is a light-dependent
function. Py is a function of the instantaneous rate of attack in full darkness (R), which changes across the year (see B). The abscissa coor-
dinate at the point of intersection (M = P;) represents 1) the duration of activity in twilight which simultaneously maximizes time spent
active (i.e., feeding; see Materials and Methods) and minimizes the perceived risk of predation and, therefore, also 2) the optimal phase
angle difference for the start of the dawn bout of activity prior to sunrise (¥,,,,,) and the end of the dusk bout of activity after sunset (¥ ,,).
In this diagram the model is set at photoperiod (PP) = 10 h, and the motivation to feed (ordinate M, ) is therefore 82% M,,,.. For simplicity,
the perceived instantaneous rate of attack in full darkness (ordinate Py;) is set equal to R;, and is therefore 29% R, . (see B). (B) Effect of
photoperiod. M is inversely proportional to photoperiod in the range 4 < PP < 20 h. M increases with decreasing photoperiod (owing to
increased duration of darkness when the animals are reluctant to feed), but the relationship is sigmoidal (see Materials and Methods). The
point of inflexion, set here at PP ~ 12 h, occurs where nocturnal jejunation exceeds the animals’ fasting tolerance resulting in their having
to forage in darkness. From this point, M approaches an asymptote (M,,,.) before decreasing as photoperiod tends to 0 h (not shown). The
instantaneous rate of attack in full darkness (R) is also proportional to photoperiod. The model assumes that the average number of attacks
that a predator makes per 24 h remains constant across the year and R therefore increases with photoperiod to a point beyond which there
are insufficient hours of darkness for the predator to meet its energy requirements exclusively through nocturnal/crepuscular hunting.
From this point, R,,,,, the predator must increasingly hunt in daylight and R will therefore decrease (not shown). R,,,. is set here at PP ~ 20 h.
(O) Left-hand panel: Calculated abscissa values for ¥ at PP =4, 8, 10, 12, 14, 16, and 18 h. The phasing of activity at the abscissa values PP10
and PP18 (gray symbols) is shown in the right-hand panel. Right-hand panel: Two specific scenarios for the effect of the tension between
M and P;, on the phasing of dawn and dusk bouts of activity. Bouts of activity (gray bars) are shown in relationship to sunrise and sunset,
respectively, on 1 short day (PP10) and 1 long day (PP18). Daylight (white) and darkness (black) are indicated in the horizontal bar beneath
each actogram. Under short days (PP =10 h), the animals experience high motivation to feed before dawn/after dusk (M, = 82%; see B) but
are exposed to a low rate of attack (R;,=29%, see B). The onset of the dawn bout of activity is therefore advanced relative to sunrise (increase
in ¥,,,) while the offset of the dusk bout is delayed relative to sunset (decrease in '¥,,) with the result that the animals spend more time
active in twilight. Under long days (PP =18 h), the animals experience low motivation to feed before dawn/after dusk (M;; = 2%, see B) but
are exposed to a high rate of attack (R,; = 67%, see B). The onset of the dawn bout of activity is therefore delayed relative to sunrise (decrease
in ¥,,,) while the offset of the dusk bout is advanced relative to sunset (increase in ¥ .,,) with the result that the animals spend less time
active in twilight. Thus, under long days, the dawn bout of activity starts earlier by solar time but later relative to sunrise than under short
days, while the dusk bout ends later by solar time but earlier relative to sunset.

of the dawn bout of activity prior to sunrise (which light on M arises from the effect of reduced activity
defines ¥,,,.,,) and the time of the end of the dusk bout (i.e., predator avoidance in low light conditions) on
of activity after sunset (which defines ¥ ,,). gastric function (see “Trade-off model,” above). The

effect of light on Py is a function of light level and the
Effect of photoperiod (Figure 2B). Both M and Pj; are photoperiod-dependent instantaneous rate of attack
inversely proportional to light level. The influence of by predators in darkness (R). In addition, both M and
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R are considered nonlinear functions of photoperiod.
M increases under short days (long nights) to a point
beyond which nocturnal jejunation exceeds the ani-
mals’ fasting tolerance. From this point, animals have
increasingly to feed in the dark and M, while continu-
ing to increase, approaches an asymptote. For R, the
model assumes the average number of attacks that a
predator makes per 24 h remains constant across the
year. This simplifying assumption is consistent with
observations by Stahler et al. (2006) who found only
small seasonal differences in the daily rate of kill of
ungulates by gray wolves (Canis lupus) in most years.
R therefore increases under long days (short nights)
so long as there are sufficient hours of darkness for
the predator to meet its energy requirements exclu-
sively through nocturnal/crepuscular hunting.
Beyond that point (R,,,,), it must increasingly hunt in
daylight (e.g., Frafjord, 2013), and R therefore
decreases (not shown).

Prediction (Figure 2C). The model predicts that 1) ¥,
and ¥, vary with photoperiod, and 2) the relation-
ship will be curvilinear, reflecting the shifting rela-
tionship between relative magnitude of M, and R..

Statistical analysis. The most parsimonious descrip-
tion of phase angle difference as a function of photo-
period was determined by confronting general linear
models (glm) with second- and third-order polyno-
mial models and general additive models (gam). The
gam were estimated with nonparametrically smooth-
ing splines. The back-fitting algorithm is a Gauss-
Seidel method for fitting additive models by
iteratively smoothing partial residuals (Venables and
Ripley, 2002). All analyses were performed in R ver-
sion 3.2.3 (R Core Team, 2015).

RESULTS

Dawn bouts of activity in pooled data from 6 ani-
mals lasted on average (median) 3.9 h (quartile range,
3.9-5.0 h, n = 908); the corresponding values for dusk
bouts of activity were 4.0 h (range, 2.8-5.3 h, n = 891).

W st and W g, varied systematically across the year
(Figure 3A,B), and confrontation of linear with nonlin-
ear models (Table 1) confirmed the appropriateness of
a curvilinear conceptual model for explaining tempo-
ral variation in phase angle difference in relation to
photoperiod (Figure 2C). Specifically, the relationship
between ¥ ., and photoperiod was best described by
general additive models during both the first (January-
May) and the second half of the year (June-December;
Table 1) while the relationship between ‘¥ 4, and pho-
toperiod was best described by second- or third-poly-
nomial models in the same 2 periods (Table 1). No
linear g1m was significant (Table 1).

Y, decreased from 1.53 (3.53 to 0.12, n = 31) h
(median, quartile range) under short days (January
and November) to 1.28 (2.32 to 0.12, n = 32) h under
long days (May and August) while ¥, increased
(i-e., reduced in size) from —1.54 (-0.10 to —4.67, n =
31) h to —0.93 (-0.10 to —2.05, n = 46) h across the same
periods (Figure 3C).

The relationships between the phase angle differ-
ence and both photoperiod (Table 1) and day of year
(DOY: a proxy for photoperiod; Figure 3C, Suppl.
Table S1) were highly nonlinear. The nonlinearity of
the relationship between ¥, and DOY was exagger-
ated in the first half of the year, owing to reversal of its
sign early in March and again in mid-April (Figure
3C), and consequently, ¥, approached its seasonal
maximum under both short (end of January, PP = 5 h)
and long (mid-April, PP ~ 16 h) photoperiods.

DISCUSSION

We have identified a nonlinear relationship
between the phasing of crepuscular activity and pho-
toperiod in free-living Rangifer (Figure 3C; Table 1).
The temporal pattern of behavior in these animals,
which apparently lack a functional molecular clock-
work (Lu et al., 2010), is, moreover, consistent with a
model in which the phase of activity emerges from
implementation of a photoperiod-dependent trade-
off between food and safety. This suggests, in particu-
lar, that nonlinear adaptation of behavior to shifting
photoperiod may emerge even where circadian orga-
nization is weak or absent.

We analyzed the temporal dynamics of behavior in
terms of rumen function, based on the concept of a
whole-animal grazing model (Gregorini et al., 2013,
2015), implemented within the context of RA theory
(Lima and Bednekoff, 1999; Higginson et al., 2012).
The resulting model, although cast as a trade-off
between food and safety, differs from conventional
RA models insofar as its output is behavioral timing
rather than behavior. We are interested in when the
animal is active rather than what proportion of time it
allocates to activity. Indeed, the proportion of time
spent active is set at unity in our model. The predic-
tions of the 2 approaches are nevertheless similar: in
each case, the allocation of time to activity in a high-
risk state increases with exposure to risk (i.e., ¥ o« [1
— P] in our model) but decreases with level of risk (R,
which is equivalent to the attack rate ratio [0/ a ] in
the RA model [Lima and Bednekoff, 1999]) and inter-
nal state (motivation to feed [M ] or “energetic condi-
tion” [Lima and Bednekoff, 1999], respectively). The
likeness extends to activity under constant risk where
the ratio of activity under high and low risk con-
verges to unity (i.e., oy = o in RA models). This is not
explicit in our model only because we restricted
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Figure 3. (A) Mean time of onset of each dawn (yellow circles) and each dusk (white circles) bout of activity (see Terminology) under
photoperiods ranging from 4 to 20 h (25 January to 9 May and 4 August to 17 November at the latitude at which the study was undertaken)
in free-ranging female reindeer (1 = 6, age at start of trial = 31 months). Solar data: black = sun >6° below the horizon; gray = sun between
0° and 6° below the horizon, i.e., twilight; white = sun above the horizon. (B) Mean time of offset of each dawn (white circles) and each
dusk (blue circles) bout of activity, respectively. Data and shading as in panel A. (C) Phase angle difference (¥ h; 5-day running means) for
the onset of dawn bouts of activity (yellow circles, from A) and for the offset of dusk bouts of activity (blue circles, from B). The abscissa
value of zero = the instant of sunrise (for dawn bouts) and sunset (for dusk bouts). Phase angle differences are indicated positive for dawn
bouts because these start before sunrise and are indicated negative for dusk bouts because these end after sunset. Overlapping points are
not distinguished. The brown shading indicates relative perceived risk of attack by nocturnal/crepuscular predators (dark = high, light
= low; see Figure 2B) during the hours prior to sunrise (positive abscissa values) or following sunset (negative abscissa values). Dashed
horizontal lines indicate the vernal (21 March) and autumnal (21 September) equinox and mid-summer (21 June), respectively.

analysis to the period of year with strong light-dark active around the clock (van Oort et al., 2005, 2007) as
cycles (i.e., 4 < PP < 20). Temporally invariant risk our model predicts (i.e., M = ¥ = 0). The key differ-
pertains, however, under continuous light (PP = 24) ence in our approach, however, is the central assump-
or dark (PP = 0) under which conditions Rangifer is tion that animals use the intensity of light as a proxy
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Table1. Linear and Nonlinear Analyses of the Response in Phase Angle Difference (¥'s) to Temporal Changes in Photoperiod (Predictor).

Model Type F AIC df R?
Y,,.serr January-May
glm('¥,,..; ~ Photoperiod) 0.03 175.5 102 0.00
glm(¥,,..: ~ poly(Photoperiod, 2)) 3.13 171.3 101 0.06
glm(¥,,...; ~ poly(Photoperiod, 3)) 5.12 164.6 100 0.14
gam(¥,,..; ~ s(Photoperiod)) 7.79 159.4 99 0.19
Y, 5ot June-December
glm('¥,,..; ~ Photoperiod) 53.9 152.1 98 0.36
glm(¥,,,..; ~ poly(Photoperiod, 2)) 27.6 152.9 97 0.36
glm(¥,,,..: ~ poly(Photoperiod, 3)) 19.0 153.3 96 0.36
gam(¥,,..; ~ s(Photoperiod)) 56.7 149.9 95 0.41
W offser January-May
glm(¥ .. ~ Photoperiod) 371 221.1 102 0.27
glm(¥ .. ~ poly(Photoperiod, 2)) 23.2 216.7 101 0.31
glm(¥ ., ~ poly(Photoperiod, 3)) 15.8 217.0 100 0.32
gam (¥ .. ~ s(Photoperiod)) 40.7 214.3 99 0.35
W yffsers June-December
glm(¥ 4., ~ Photoperiod) 33.2 193.1 98 0.25
glm(¥ .. ~ poly(Photoperiod, 2)) 194 190.6 97 0.29
glm(¥ .. ~ poly(Photoperiod, 3)) 13.2 191.8 96 0.29
gam('¥ .. ~ s(Photoperiod)) 344 191.4 95 0.29

Subscripts onset and offset indicate the phase angle of the onset of dawn bouts and the offset of dusk bouts, respectively. The F statistic (F),
the Akaike information criterion (AIC), degrees of freedom (df), and relative amount of deviance explained (R?) are given for each model.
Bold values of F indicate model significance (p < 0.05); bold AIC values indicate the most parsimonious models, where AIC differences

between models <1 are not considered significant.

for risk. Thus, in our model, light changes the way
the animal perceives its feeding environment with
regard to potential (or imminent) risk of predation
and modulates its functional response accordingly.

Consistent with our model, ¥, was generally
proportional and W, inversely proportional to pho-
toperiod in Rangifer (Figure 3C; Table 1, Suppl. Table
S1). The onset of the dawn bout of activity and the
offset of the dusk bout both shifted further into twi-
light as day length decreased in winter and were
withdrawn from twilight as day length increased at
the approach of summer (Figure 3C). In functional
terms, the animals displayed increased tolerance of
risk and hence began activity progressively earlier
before sunrise and remained active progressively
later after sunset as motivation to feed at dawn and
dusk increased in winter. Conversely, they displayed
reduced tolerance of risk and hence delayed the onset
of activity before sunrise and ended activity earlier
after sunset as motivation to feed at dawn and dusk
decreased in summer. The timing of activity was,
thus, in effect driven chiefly by motivation to feed in
winter when, under short days, the animals were
unable to meet their energy requirements by daylight
feeding alone and chiefly by risk avoidance in sum-
mer when, under long days, feeding opportunities
were not light limited.

We attribute the replacement of a monotonic (sig-
modal) by a polyphasic response curve for ¥, in
the first half of the year—negative to March, positive

from March to mid-April, and negative from mid-
April (Figure 3C)—to a predictable shift in the tem-
poral dynamics of activity. Thus, as nights grew
shorter toward summer, the nocturnal bout of activ-
ity approached and eventually fused with the
advancing dawn bout (blue rectangle in Figure 1A).
Consistent with the model, ¥, decreased with
photoperiod for the dawn bout prior to fusion and
for the composite bout after fusion. Deviation from
prediction (reversal of sign) around the spring equi-
nox coincided with, and is probably a consequence
of, the process of fusion itself. We note that the tran-
sition was achieved in just a few days in a single ani-
mal (Figure 1A), whereas the sign of the relationship
was reversed for several weeks in the combined sam-
ple (Figure 3C): presumably, the individual responses
were not tightly synchronized in this respect.

Our model focuses only on the influence of photo-
period on the extension of activity into the crepuscu-
lar phase and considers the behavioral state of the
animal (active, nonactive) only in terms of a trade-off
between motivation to feed and instantaneous per-
ceived risk of attack. These are key points. Features
of the daily pattern of behavior, such as the apparent
anticipation of dusk evident in data for March
(Figure 1B), potentially demand more complex
explanations. The point here, however, is not whether
models involving anticipatory timers of one form or
other may also account for the data, but rather that a
model that invokes no such timer(s) accounts for
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observations that have elsewhere been attributed
them (e.g., Pittendrigh and Minis, 1964; Pittendrigh,
1981). Moreover, ¥, only weakly predicts ¥ g,
(Suppl. Figure S1), and potentially anticipatory fac-
ets of the daytime pattern therefore have no bearing
on the crepuscular pattern.

Both the occurrence of a seasonal shift in the tim-
ing of activity in relation to sunrise and sunset and
its functional significance may be quite general.
Thus, photoperiod-dependent shifts in ¥, and
W, have been observed in Svalbard ptarmigan,
Lagopus muta hyperborea (Reierth and Stokkan, 1998),
and in a variety of non-boreal species of songbirds
and small mammals exposed to a high-latitude pho-
toperiod (Daan and Aschoff, 1975). The phasing of
activity in these latter, in particular, varied with the
photic regime to which the animals were exposed.
Thus, seasonal shifts in ¥, and ¥, which were
barely discernible at 47° N, increased spontaneously,
becoming prominent when the animals were trans-
ported and exposed to ambient photoperiod at 66° N
(Daan and Aschoff, 1975). Crucially, none of the spe-
cies tested were Arctic residents—indeed, the north-
ern treeshrew (Tupaia belangeri) is a tropical species
that normally never experiences large variation in
photoperiod. Daan and Aschoff’s (1975) data indi-
cate that photoperiod-dependent phasing of crepus-
cular activity relative to sunrise and sunset is a
highly plastic, acute response to darkness and one
that potentially reflects a widespread adaptive
response through which diurnal ecotypes minimize
the risk of nocturnal predation.

In apparent contrast with the present results,
Ensing and colleagues (2014) reported no seasonal
shifts in ¥, and ¥4, in 2 populations of red deer
(Cervus elaphus). However, the low resolution of
their data (1 sample every 2 h) was not sufficient to
detect values of ¥ of the magnitude observed in the
present study and elsewhere (Daan and Aschoff,
1975; Reierth and Stokkan, 1998) which would there-
fore have precluded detection of similar responses
in their deer.

In our model the effect of darkness on the timing
of behavior is a consequence of reduced feed intake.
In small birds and mammals, by contrast, the effect
of darkness on the timing of activity/rest cycles is
generally interpreted in terms of changes in energy
expenditure (e.g., Brodin, 2007; Lehmann et al., 2012;
Hut et al., 2011). The difference in perspective reflects
the fact that we analyzed patterns of activity in a
well-insulated mammal that remains comfortably
within its thermoneutral zone under all but the most
extreme weather conditions (Moote, 1955; Nilssen
et al., 1984). This is not the case for small, relatively
poorly insulated animals (Scholander et al., 1950; Hut

et al., 2012). In these, night commonly represents a
period of increased metabolic demand and entering a
phase of nocturnal inactivity, whether through roost-
ing or resting in insulated burrows, therefore repre-
sents an effective way of reducing energy costs.
Indeed, nocturnal mice can be made to shift their
activity into the light phase, or even to enter torpor,
by reducing ambient temperature to 10 °C, which is
some 40 °C above the lower critical temperature of
winter-insulated reindeer (Nilssen et al., 1984; Hut
et al.,, 2011; van der Vinne et al., 2014). Thermal
defense has also been invoked to account for the per-
sistence of daily activity rhythms through the polar
summer in Arctic ground squirrels (Urocitellus parryii;
Williams et al., 2012). The key point, however, is that
shifts in metabolic balance, whether in reindeer or
rodents, can alter behavioral timing and this may
occur independent of central clock function. Indeed,
shifts in the activity patterns of mice can occur with-
out any corresponding changes in the profiles of
circadian gene expression in the suprachiasmatic
nucleus (van der Vinne et al., 2014).

The photoperiod-dependent trade-off we have
developed here, like the thermoenergetic model
(Hut et al., 2011; van der Vinne et al., 2015), provides
a mechanism for behavioral timing that is indepen-
dent of the core circadian system. We anticipate that
such timing depends on integration of metabolic
feedback from the digestive system with the activity
of the glucocorticoid axis. The latter shapes the psy-
chological state of the animal and, hence, its behav-
ioral responses to environmental hazard (Rodrigues
etal., 2009). The hypothalamus is the obvious neural
substrate to achieve this integration. A full synthesis
must also take into account seasonal—as opposed to
purely light-dependent—changes in the physiology
and ecology of species under consideration. Seasonal
changes in energy demand associated with rhythms
of growth and reproduction (Loudon et al., 1989;
Loudon, 1994; Tyler et al., 1999; Rhind et al., 2002),
for instance, are likely to contribute to the phase-
angle response function. Exploration of these effects
in wild species such as Rangifer, for which extensive
behavioral data can be coupled with good under-
standing of seasonal physiology, is an exciting
prospect.

ACKNOWLEDGMENTS

We are most grateful to Lars Folkow, who kindly provided
data on activity patterns in reindeer upon which this study
is based, and to Mike Forbes, Roelof Hut, and 2 anonymous
referees who kindly commented on an earlier version of the
manuscript.



Tyler et al. / BEHAVIORAL TIMING WITHOUT CLOCKWORK 531

CONFLICT OF INTEREST STATEMENT

The authors declared no potential conflicts of interest with
respect to the research, authorship, and/or publication of
this article.

NOTE

Supplementary material is available on the journal’s website
at http:/ /jbr.sagepub.com/supplemental.

REFERENCES

Andrén H, Persson ], Mattisson ], and Danell AC (2011)
Modelling the combined effect of an obligate preda-
tor and a facultative predator on a common prey: Lynx
Lynx lynx and wolverine Gulo gulo predation on rein-
deer Rangifer tarandus. Wildl Biol 17:33-43.

Aschoff ] (1960) Exogenous and endogenous components
in circadian rhythms. Cold Spring Harb Symp Quant
Biol 25:11-28.

Aschoff ] (1966) Circadian activity pattern with two peaks.
Ecology 47:657-662.

Bednekoff PA (2007) Foraging in the face of danger. In
Foraging: Behaviour and Ecology, Stevens DW and
Ydenberg RC, eds, pp 305-330. Chicago, IL: University
of Chicago Press.

Bednekoff PA and Houston AI (1994) Avian daily foraging
patterns: Effects of digestive constraints and variabil-
ity. Evol Ecol 8:36-52.

Berger D and Gotthard K (2008) Time stress, predation
risk and diurnal-nocturnal foraging trade-offs in larval
prey. Behav Ecol Sociobiol 62:1655-1663.

Boertje RD (1985) An energy model for adult female caribou
of the Denali Herd, Alaska. ] Range Manage 38:468-473.

Boertje RD, Gasaway WC, Grangaard DV, and Kelleyhouse
DG (1988) Predation on moose and caribou by radio-
collared grizzly bears in east central Alaska. Can ] Zool
66:2492-2499.

Bonter DN, Zuckerberg B, Sedgwick CW, and Hochachka
WM (2013) Daily foraging patterns in free-living birds:
Exploring the predation-starvation trade-off. Proc R
Soc B 280:20123087.

Brodin A (2007) Theoretical models of adaptive energy
management in small wintering birds. Phil Trans R Soc
B 362:1857-1871.

Brown JS and Kotler BP (2004) Hazardous duty pay and the
foraging cost of predation. Ecol Lett 7:999-1014.

Clauss M, Hume I, and Hummel J (2010) Evolutionary
adaptations of ruminants and their potential relevance
for modern production systems. Animal 4:979-92.

Cozzi G, Broekhuis F, McNutt JW, Turnbull LA, MacDonald
DW, and Schmid B (2012) Fear of the dark or dinner

by moonlight? Reduced temporal partitioning among
Africa’s large carnivores. Ecology 93(12):2590-2599.

Daan S (1981) Adaptive daily strategies in behavior. In A
Handbook of Behavioral Neurobiology: Vol. 4: Biological
Rhythms, Aschoff J, ed, pp 275-298. New York, NY:
Plenum.

Daan S and Aschoff J (1975) Circadian rhythms of loco-
motor activity in captive birds and mammals: Their
variations with season and latitude. Oecologia (Berl)
18:269-316.

Dale BW, Adams LG, and Bowyer RT (1994) Functional-
response of wolves preying on barren-ground caribou
in a multiple-prey ecosystem. ] Anim Ecol 63:644-652.

Duvergé PL, Jones G, Rydell J, and Ransome RD (2000)
Functional significance of emergence timing in bats.
Ecography 23:32-40.

Ensing EP, Ciuti S, de Wijs FALM, Lentferink DH, ten
Hoedt A, Boyce MS, and Hut RA (2014) GPS based
daily activity patterns in European red deer and North
American elk (Cervus elaphus): Indication for a weak
circadian clock in ungulates. PLoS One 9(9):€106997.

Erriksson LO, Kallqvist ML, and Mossing T (1981) Seasonal
development of circadian and short-term activity in cap-
tive reindeer, Rangifer tarandus L. Oecologia 48:64-70.

Ferrari MCO, Sih A, and Chivers DP (2009) The paradox of
risk allocation: a review and prospectus. Anim Behav
78:579-585.

Forbes JM (1995) Voluntary Feed Intake and Diet Selection in
Farm Animals. Wallingford, UK: CAB Int.

Forbes JM and Gregorini P (2014) The catastrophe of meal
eating. Anim Prod Sci 55:350-359.

Fortin D, Merkle JA, Sigaud M, Cherry SG, Plante S, Drolet
A, and Labrecque M (2015) Temporal dynamics in the
foraging decisions of large herbivores. Anim Prod Sci
55:376-383.

Frafjord K (2013) Influence of night length on home range
size in the northern bat Eptesicus nilssonii. Mamm Biol
78:205-211.

Georgii B (1981) Activity patterns of female red deer (Cervus
elaphus L.) in the Alps. Oecologia (Berl) 49:127-136.
Gibb M (2007) Grassland management with emphasis on
grazing behaviour. In Fresh Herbage for Dairy Cattle,
Elgersma A, Dijkstra J, and Tamminga S, eds, pp 141-

157. Wageningen, The Netherlands: Springer.

Gibb MJ, Huckle CA, and Nuthall R (1988) Effect of time
of day on grazing behaviour by lactating dairy cows.
Grass Forage Sci 53:41-46.

Graf CM, Kreutzer M, and Dohme F (2005) Effects of sup-
plemental hay and corn silage versus full-time grazing
on ruminal pH and chewing activity of dairy cows. ]
Dairy Sci 88(2):711-725.

Gregorini P (2011) Internal state: Stimuli that motivates
particular ingestive mechanisms and herbage intake in
grazing ruminants. In Animal Production under Grazing
Systems, Cangiano C and Brizuela M, eds, pp. 514-565.
2nd ed. Balcarce, Argentina: INTA.


http://jbr.sagepub.com/supplemental

532 JOURNAL OF BIOLOGICAL RHYTHMS / October 2016

Gregorini P (2012) Diurnal grazing pattern: its physiologi-
cal basis and strategic management. Anim Prod Sci
52:416-430.

Gregorini P, Beukes PC, Romera A]J, Levy G, and Hanigan
MD (2013) A model of diurnal grazing patterns and
herbage intake of a dairy cow, MINDY: Model descrip-
tion. Ecol Model 270:11-29.

Gregorini P, Clark CEF, Jago JG, Glassey CB, McLeod KLM,
and Romera AJ (2009a) Restricting time at pasture:
Effects on dairy cow herbage intake, foraging behavior,
hunger-related hormones, and metabolite concentration
during the first grazing session. ] Dairy Sci 92:4572-4580.

Gregorini P, Clark C, McLeod K, Glassey C, Romera A,
and Jago J (2011) Feeding station behavior of grazing
dairy cows in response to restriction of time at pasture.
Livestock Sci 137:287-291.

Gregorini P, Gunter SA, Masino CA, and Beck PA (2007)
Effects of ruminal fill on short-term herbage intake rate
and grazing dynamics of beef heifers. Grass Forage Sci
62:346-354.

Gregorini P, Tamminga S, and Gunter SA (2006) Behavior
and daily grazing patterns of cattle. Prof Anim Sci
22:201-209.

Gregorini P, Soder KJ, and Kensinger RS (2009b) Effects of
rumen fill on short-term ingestive behavior and circu-
lating concentrations of ghrelin, insulin, and glucose of
dairy cows foraging vegetative micro-swards. J Dairy
Sci. 92:2095-2105.

Gregorini P, Villalba J], Provenza FD, Beukes PC, and
Forbes JM (2015) Modelling preference and diet selec-
tion patterns by grazing ruminants: A development in
a mechanistic model of a grazing dairy cow, MINDY.
Anim Prod Sci 55:360-375.

Haftorn S (1989) Seasonal and diurnal body weight varia-
tions in titmice, based on analyses of individual birds.
Wilson Bull 101:217-235.

Hebblewhite M and Merrill EH (2009) Trade-offs between
predation risk and forage differ between migrant strate-
gies in a migratory ungulate. Ecology 90(12):3445-3454.

Hebblewhite M, Whittington J, Bradley M, Skinner G, Dibb
A, and White CA (2007) Conditions for caribou persis-
tence in the wolf-elk-caribou systems of the Canadian
Rockies. Rangifer Special Issue 17:79-91.

Higginson AD, Fawcett TW, Trimmer PC, McNamara JM,
and Houston AI (2012) Generalized optimal risk alloca-
tion: foraging and antipredator behavior in a fluctuat-
ing environment. Am Nat 180:589-603.

Hut RA, Kronfeld-Schor N, van der Vinne V, and
De la Iglesia H (2012) Search of a temporal niche:
Environmental Factors. Prog Brain Res 199:281-304.

Hut RA, Pilorz V, Boerema AS, Strijkstra AM, and Daan S
(2011) Working for food shifts nocturnal mouse activity
into the day. PLoS One 6(3):e17527.

Kie JG (1999) Optimal foraging and risk of predation:
Effects on behavior and social structure in ungulates. J
Mamm 80:1114-1129.

Kojola I, Huitu O, Toppinen K, Heikura K, Heikkinen S,
and Ronkainen S (2004) Predation on European wild
forest reindeer (Rangifer tarandus) by wolves (Canis
lupus) in Finland. ] Zool (Lond) 263:229-235.

Kotler BP, Brown ], Mukherjee S, Berger-Tal O, and
Bouskila A (2010) Moonlight avoidance in gerbils
reveals a sophisticated interplay among time alloca-
tion, vigilance and state-dependent foraging. Proc R
Soc B 277:1469-1474.

Lehmann M, Spoelstra K, Visser ME, and Helm B (2012)
Effects of temperature on circadian clock and chro-
notype: an experimental study on a passerine bird.
Chronobiol Int 29(8):1062-1071.

Lima SL and Bednekoff PA (1999) Temporal variation in
danger drives antipredator behavior: The predation
risk allocation hypothesis. Am Nat 153:649-659.

Lima SL and Dill LM (1990) Behavioural decisions made
under the risk of predation: A review and prospectus.
Can ] Zool 68:619-640.

Loudon ASI (1994) Photoperiod and the regulation of
annual and circannual cycles of food intake. Proc Nutr
Soc 53:495-507.

Loudon ASI, Milne JA, Curlewis JD, and McNeilly AS
(1989) A comparison of the seasonal hormone changes
and patterns of growth, voluntary food intake and
reproduction in juvenile and adult red deer (Cervus
elaphus) and Pere David’s deer (Elaphurus davidianus)
hinds. ] Endocrinol 122:733-745.

Lu W, Meng Q-], Tyler NJC, Stokkan K-A, and Loudon
ASI (2010) A circadian clock is not required in an arctic
mammal. Curr Biol 20:533-537.

Matassa CM and Trussell GC (2014) Prey state shapes the
effects of temporal variation in predation risk. Proc R
Soc B 281:20141952.

Mattisson J, Arntsen GB, Nilsen EB, Loe LE, Linnell JDC,
Odden J, Persson |, and Andrén H (2014) Lynx preda-
tion on semi-domestic reindeer: do age and sex matter?
J Zool (Lond) 292:56-63.

Moote I (1955) The thermal insulation of caribou pelts.
Textile Res ] 25:832-837.

Mowat G and Heard DC (2006) Major components of grizzly
bear diet across North America. Can ] Zool 84:473-489.

Nilssen K], Sundsfjord JA, and Blix AS (1984) Regulation
of metabolic rate in Svalbard and Norwegian reindeer.
Am J Physiol 247:R837-R841.

Owen-Smith N and Goodall V (2014) Coping with savanna
seasonality: Comparative daily activity patterns of
African ungulates as revealed by GPS telemetry. ] Zool
(Lond) 293:181-191.

Pagon N, Grignolio S, Pipia A, Bongi P, Bertolucci C,
and Apollonio M (2013) Seasonal variation of activ-
ity patterns in roe deer in a temperate forested area.
Chronobiol Int 30(6):772-785.

Pittendrigh CS (1960) Circadian rhythms and the circadian
organization of living systems. Cold Spring Harb Symp
Quant Biol 25:159-184.



Tyler et al. / BEHAVIORAL TIMING WITHOUT CLOCKWORK 533

Pittendrigh CS (1981) Circadian systems: Entrainment. In
Biological Rhythms, Aschoff ], ed, pp 95-124. New York,
NY: Plenum.

Pittendrigh CS and Daan S (1976) A functional analy-
sis of circadian pacemakers in nocturnal rodents. V.
Pacemaker structure: A clock for all seasons. ] Comp
Physiol 106:333-355.

Pittendrigh CS and Minis DH (1964) The entrainment of
circadian oscillations by light and their role as photo-
periodic clocks. Am Nat 98:261-294.

Prugh LR and Golden CD (2014) Does moonlight increase
predation risk? Meta-analysis reveals divergent
responses of nocturnal mammals to lunar cycles. |
Anim Ecol 83:504-514.

R Core Team (2015) R: A language and environment for sta-
tistical computing. Vienna, Austria: R Foundation for
Statistical Computing.

Reierth E and Stokkan K-A (1998) Activity rhythm in High
Arctic Svalbard ptarmigan (Lagopus mutus hyperboreus).
Can J Zool 76:2031-2039.

Rhind SM, Archer ZA, and Adam CL (2002) Seasonality
of food intake in ruminants: Recent developments in
understanding. Nutr Res Rev 15:43-65.

Rodrigues SM, LeDoux JE, and Sapolsky RM (2009) The
influence of stress hormones on fear circuitry. Ann Rev
Neurosci 32:289-313.

Rutter SM (2006) Diet preference for grass and legumes in
free-ranging domestic sheep and cattle: Current theory
and future application. Appl Anim Behav Sci 97:17-35.

Rutter SM, Tainton V, Champion RA, and le Grice P (2002)
The effect of a total solar eclipse on grazing behaviour
of dairy cattle. Appl Anim Behav Sci 79:273-283.

Scholander PF, Hock R, Walters V, Johnson F, and Irving
L (1950) Heat regulation in some Arctic and tropical
mammals and birds. Biol Bull 99(2):237-258.

Sheahan AJ, Boston RC, and Roche JR (2013) Diurnal pat-
terns of grazing behavior and humoral factors in sup-
plemented dairy cow. ] Dairy Sci 96:3201-3210.

Sibbald AM (1994) Effect of changing daylength on the
diurnal pattern of intake and feeding behaviour in
penned red deer (Cervus elaphus). Appetite 22:197-203.

Skogland T (1984) Wild reindeer foraging-niche organiza-
tion. Holarctic Ecol 7:345-379.

Stahler DR, Smith DW, and Guernsey DS (2006) Foraging
and feeding ecology of the gray wolf (Canis lupus):
Lessons from Yellowstone National Park, Wyoming,
USA. ] Nutr 136:19235-1926S.

Stimmelmayr R (2001) Daily meal patterns, voluntary food
intake and fattening in reindeer during winter and
responses to insulin. Ph.D. dissertation, University of
Alaska, Fairbanks.

Stokkan K-A, van Oort BEH, Tyler NJC, and Loudon ASI
(2007) Adaptations for life in the Arctic: Evidence
that melatonin rhythms in reindeer are not driven
by a circadian oscillator but remain acutely sensitive
to environmental photoperiod. ] Pineal Res 43:289-
293.

Tyler NJC (1987) Body composition and energy balance of
pregnant and non-pregnant Svalbard reindeer during
winter. Symp Zool Soc Lond 57:203-229.

Tyler NJC, Fauchald P, Johansen O, and Christiansen HR
(1999) Seasonal inappetance and weight loss in female
reindeer in winter. Ecol Bull 47:105-116.

van der Vinne V, Gorter JA, Riede SJ, and Hut RA (2015)
Diurnality as an energy-saving strategy: Energetic con-
sequences of temporal niche switching in small mam-
mals. ] Exp Biol 218:2585-2593.

van der Vinne V, Riede SJ, Gorter JA, Eijer WG, Sellix MT,
Menaker M, Daan S, Pilorz V, and Hut RA (2014) Cold
and hunger induce diurnality in a nocturnal mammal.
Proc Nat Acad Sci 111:15256-15260.

van Oort BEH, Tyler NJC, Gerkema MP, Folkow L, Blix AS,
and Stokkan K-A (2005) Circadian organisation in rein-
deer. Nature (Lond) 438:1095-1096.

van Oort BEH, Tyler NJC, Gerkema MP, Folkow L, and
Stokkan K-A (2007) Where clocks are redundant:
Weak circadian mechanisms in reindeer living under
polar photic conditions. Naturwissenschaften 94:183-
194.

van Oort BEH, Tyler NJC, Storeheier PV, and Stokkan K-A
(2004) The performance and validation of a data logger
for long-term determination of activity in free-ranging
reindeer, Rangifer tarandus L. Appl Anim Behav Sci
89:299-308.

Van Soest PJ (1982) Nutritional Ecology of the Ruminant:
Ruminant ~ Metabolism, Nutritional — Strategies, the
Cellulolytic Fermentation and the Chemistry of Forages and
Plant Fibers. Corvallis, OR: O & B Books.

Venables WN and Ripley BD (2002) Modern Applied Statistics
with S. New York, NY: Springer.

Williams CT, Barnes BM, and Buck CL (2012) Daily body
temperature rhythms persist under the midnight sun
but are absent during hibernation in free-living arctic
ground squirrels. Biol Lett 8:31-34.

Wittmer HU (2004) Mechanisms underlying the decline
of mountain caribou (Rangifer tarandus caribou) in
British Columbia. Ph.D. dissertation, University of
British Columbia, Canada. http://circle.ubc.ca/
bitstream/handle/2429/15839 /ubc_2004-902870.
pdf?sequence=1.

Woods SC and Strubbe JH (1994) The psychobiology of
meals. Psychonom Bull Rev 1:141-155.


http://circle.ubc.ca/bitstream/handle/2429/15839/ubc_2004-902870.pdf?sequence=1
http://circle.ubc.ca/bitstream/handle/2429/15839/ubc_2004-902870.pdf?sequence=1
http://circle.ubc.ca/bitstream/handle/2429/15839/ubc_2004-902870.pdf?sequence=1

