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An adequate study of any complex
phenomenon ultimately requires an
integrated analysis of major systems
and not just fragments of them.”
(Holling, 1965)

Introduction

Northern caribou populations typically make seasonal migrations between lichen rich taiga forests
in the winter and open tundra in the spring for calving (Kelsall, 1968; Bergerud ez al., 2008).
Caribou and wild reindeer are adapted to characteristically high seasonal and annual variability
that is typical of the higher latitudes. Variability includes accumulation and structure of winter
snow, spring snow melt and linked plant phenological dynamics (Klein, 1990; Albon & Langvatn,
1992), quality and accessibility of summer forage and disruptive impacts of biting and parasitic
insects in the summer (Klein, 1990; Russell ez al., 1993; Witter ez al., 2011; Cuyler et al., 2012).
Thus habitat characteristics and variability in risk (Kie, 1999) influence reproductive allocation
patterns (Munns, 2006; Bardsen ez a/., 2008; 2009; Monteith ez al., 2013). Caribou have adapted
to these ecological characteristics through evolutionary strategies that include trade-offs between
survival and reproduction.

Biologists have made progress measuring seasonal responses to habitat drivers. In particular,
measures of loss and gain of fat and protein (Reimers & Ringberg, 1983; Adamczewski ez al.,
1987b; Huot, 1989; Chan-McLeod et al., 1994; Cameron & White, 1996; Gerhart et al., 1996b;
Taillon ez al., 2011), allocation of resources to fetal growth (Robbins & Robbins, 1979; Skog-
land, 1984b; Reimers, 2002; Barboza & Parker, 2008) and milk production (Varo & Varo, 1971;
Rognmo ez al., 1983; White & Luick, 1984; Parker ez al., 1990; Taillon ez al., 2013) combined
with herd productivity (White, 1992, Russell ez /., 2000; Taillon ez al., 2013) allow for a rich
discussion of caribou ecological and evolutionary processes. However, to take those results into
understanding of how caribou adapt to environmental variation and change requires an integra-
tive approach from the individual to the population scale and across timescales. The need for this
approach, and to be able to project caribou responses is a key requirement for managers and users
of northern caribou who are challenged by the requirement to assess incremental and cumulative
impacts of climate change and industrial development (Cameron ez a/., 2005; Gunn ez al., 2011).

In recent years meta-models are being developed to recognize and capture environmental com-
plexity in assessing risks on biodiversity (Nyhus ez /., 2007; Lacy et al., 2013; Munns, 2000).
A meta-model has a central program that uses a suite of coupled sub-models. Importantly, those
sub-models may represent different disciplines and may model processes at variable spatial and
temporal scales that are linked and integrated through the central program. This means meta
modeling is ideally suited to allow biologists to explore and project such complex and interacting
threats as climate change and industrial development. In this report we provide the detailed de-
scription of a meta-model for caribou based on energy-protein interactions of individuals that can
be done to typify cohorts of a caribou population in order to project on the cohorts the variable
impacts of climate change and development.
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The original version of our model was developed to integrate the substantial database on the
Porcupine Caribou Herd (e.g. Russell ez a/., 1993) to better understand how environmental fac-
tors combine to drive fat and protein dynamics in individual caribou and help guide further
research priorities on the Porcupine Caribou Herd (Hovey ez al., 1989; Kremsater ez al., 1989).
A brief historical account of the development of caribou models is given in White ez a/. (2013a).
At the same time, because many of the relationships and parameter values utilized in the model
relied heavily on data throughout the Rangifer literature, the model was the basis for a generalized
Rangifer model that could be applied across other herds. Indeed as new research findings became
available (e.g. Russell & White, 2000), those new relationships, particularly energy relationships,
were incorporated into a new model structure (Russell ez 4/, 2005).

A shortcoming of Russell ez 2/’s (2005) model was that, although energy relations in the ani-
mal were detailed, protein dynamics, particularly the digestion and allocation of protein, were
not explicitly represented in the model. Maternal protein reserves, in addition to fat reserves, are
major determinants of Rangifer reproductive success (Gerhart ez al., 1997; Russell ez al., 1998) and
birth weight (Allaye-Chan, 1991; Chan-McLeod ez a/., 1999; Barboza & Parker, 2008; Birdsen
et al., 2008). By modeling protein-nitrogen (protein-N) in concert with energy, a more realistic
prediction of fetal growth and milk production is possible. This model uses general theory and
experimental data to derive algorithms that drive energy (Blaxter, 1962; Kleiber, 1975; Hudson &
White, 1986) and protein dynamics to determine the balance of dietary and maternal energy and
protein during gestation and lactation (Robbins & Robbins, 1979; Parker ez /., 2005; Barboza &
Parker, 2006; Barboza ez al., 2009; Parker ez al., 2009). Caribou as ruminants rely on microorgan-
isms for digesting forage and so modeling of dietary energy intake is linked with nitrogen intake
and metabolism to simulate microbial growth (ARC, 1980). Thus the current model estimates
microbial protein synthesis and nitrogen recycling throughout the year, particularly in the winter
when the ability to conserve nitrogen by recycling processes may be key to survival (Wales ez a/.,
1975; Swift e al., 1980; Syrjild & Salonen, 1983; Parker ez a/., 2005; Barboza & Parker, 2000).

In its current version the model can project how individual members of a population respond
to intra-specific competition for forage relative to environmental factors. Environmental factors
may stress individuals at all population density levels differentially (Skogland, 1983; 1985), per-
haps leading to selection for maternal reproductive strategies, as recently classified as “capital” and
“income” breeders based on use of maternal reserves (capital) relative to forage intake (income),
in meeting nutritional demands during terminal gestation and early lactation (Jonsson, 1997;
Festa-Bianchet er al., 1998; Barboza ez al., 2009). Although most large mammals have been
considered capital breeders (Festa-Bianchet ez al., 1998), Barboza & Parker (2006) suggest that
reindeer (Rangifer tarandus tarandus) display capital breeding phenomena relative to caribou (R.
t. grantii, R. t. greenlandicus), which they classify as income breeders. As detailed by Bardsen ez al.
(2009) and Barboza ez al. (2009), capital and income breeding represent extremes in a continuum
of breeding strategies. Thus by modeling the individual we account for ecological effects on repro-
duction and survival, the main drivers of population dynamics when individuals are summed to
the population scale.

In addition to the forage and weather-derived factors that limit food quantity and quality,
predators, including insects and parasites, as well as anthropogenic effects imposed by indus-
trial development, differentially affect caribou growth, reproduction and survival (Cameron ez
al., 2005). Integrating a suite of drivers (e.g. climate, development) that impact on forage, activ-
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ity and diet, simulation modeling can be used in assessing impacts of variables individually or in
combination (Murphy ez al., 2000; Russell, 2011) and thus contribute to our understanding of
cumulative effects on populations (Gunn ez al., 2013). As populations approach or exceed peak
abundance, intra-specific competition for forage may become more evident, especially through
the female component of the population (Skogland, 1983; 1985; Festa-Bianchet & Jorgenson,
1998; Ballesteros ez al., 2013). Thus, female cohorts that show significant changes in nutritional
condition in response to environmental factors will be impacted in respect to growth, reproduc-
tion and survival (Adams & Dale, 1998a; Festa-Bianchet, 1998; Parker, 2003; Bardsen et 4/,
2009). Skogland (1986) and Ballesteros ez al. (2013) show that fluctuations due to density result
in life history effects on individuals in the population. Conditions that could shape life history
traits are those for which habitat availability is limited and where individuals can exhibit breeding
pauses (Cameron, 1994), and die-offs of young-aged cohorts.

Wild reindeer and barren ground caribou exhibit reproductive plasticity (Russell & White,
2000; Bergerud ez al., 2008) and it is important to document the role played by individual nutri-
tional condition, as a mediator of individual fitness, in life history response. What is not clear, and
warrants wide scale analysis, is what regulatory processes occur in a species, such as wild reindeer
and caribou, that appear to oscillate on a 30-90 year periodicity (White ez /., 1981; Gunn, 2003;
Bergerud ez al., 2008; Gunn ez al., 2009). Capturing the way these many factors affect individuals
and how individuals respond through their reproductive efforts can be simulated using known
controlling relationships while inserting “best guesses” or expert opinions as surrogate variables
or algorithms until unknown relations become established. Gaming with such simulation models
then allows the user to analyze responses to a single variable or suites of variables. In this report we
describe the logic, algorithms and equations we developed to model the energy-protein relations
of an individual caribou. In subsequent manuscripts we will detail how scenarios are derived and
provide practical applications of the model.

Overall Modeling Approach

Our model presented in this publication documents the effects of environmental drivers on an
individual reindeer or caribou’s forage intake, and projects how the animal allocates energy and
protein from forage intake to survival and reproduction. The model projects the individual’s nu-
tritional status, as represented by its body weight, body composition (Hudson & White, 1985;
Hobbs, 1989; Renecker & Samuel, 1991; Moen & Pastor, 1998) and energy and protein balance
(Fancy, 1986) throughout the year on a daily time step. Although both body composition and
skeletal size influence body mass or weight (Festa-Bianchet, 1998), this model assumes that the
animal’s body weight is simply the sum of body condition components.

The model consists of two sub-models:

- Intake Submodel which simulates hourly dry matter intake based on available forage bio-
mass, diet and time spent eating, and then calculates the resulting daily metabolizable energy
intake (MEI) and metabolizable protein-N intake (MNI) based on hourly rumen function, in-
cluding nitrogen recycling and microbial protein-N synthesis.

- Allocation Submodel which simulates daily body weight and composition and calculates
energy and nitrogen available for maintenance and productive processes (gestation, lactation),
based on the animal’s daily requirements for energy and protein-N, in relation to MEI and MNI.
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Effects of biotic and abiotic variables on body condition are captured in the model through
changes over time in model inputs such as forage quantity, forage quality, diet and activity budgets
on a seasonal and annual timescale. For example different plant phenologies, as dictated by annual
variability in growing degree-days, can be represented through seasonal changes in forage quality,
quantity and diet; the main drivers of optimal foraging (Spalinger ez /., 1988; Spalinger, 1997;
Kie, 1999). Likewise the effect of summer temperature and wind on insect harassment (Russell ez
al., 1993; Bali ez al., 2013) can be represented through changes in activity budgets, while changes
in winter weather, such as snow depth, rain-on-snow, freezing rain and spring freeze-thaw events
(Griflith ez al., 2002; Chen ez al., 2012) can be represented through changes in activity budgets
and forage availability.

The model can project effects of spatial displacements at the individual scale such as from
industrial disturbance if habitats have been mapped. Using biomass estimates for major forage
groups, forage intake can be estimated for caribou displaced to different habitats. Thus, the model
can be used to explore the trade-offs and costs of predation, parasitism or industrial disturbance.

Intake Submodel

Throughout the simulated sub-models, input data such as forage intake are based on Rangifer
studies wherever possible. In the absence of Rangifer data, data from wildlife and domestic rumi-
nants are used. The latter is the case when algorithms are based on theory. For example, studies
on foraging by wild and tractable deer (Odocoileus hemionus hemionus/sikensis), elk (Cervus elap-
hus, C. nelsoni) and moose (Alces alces) have been responsible for rich and detailed mechanistic
analyses of the influence of forage biomass, structure and growth form on forage intake (Wick-
strom et al., 1984; Renecker & Hudson, 1985; 1986; Spalinger ez al., 1988; Shipley & Spaling-
er, 1992; Spalinger & Hobbs, 1992; Gross ez al., 1993a; 1993b; Shipley e al., 1994; Spalinger,
1997; Pastor et al., 1999; Hobbs ez al., 2003). Most theory for forage intake by wildlife species
originated from that based on grazing by domestic sheep (Arnold & Dudzinski, 1967; Allden &
Whittaker, 1970; Stobbs, 1973a; 1973b).

Generally bite size is the regulated process of eating, especially for animals specializing on
shrubs. In our model intake (or eating) rate is the observed integral of bite size times bite rate
and does not include time taken for searching and chewing a bite. Thus intake rate is the poten-
tial maximum for plant growth forms or species complex of the forage and is linearly related to
biomass of the selected forage (see White ez al., 1975; White & Trudell, 1980a; 1980b; Trudell
& White, 1981). Theory and data from other studies (Allden & Whittaker, 1970; Collins ez al.,
1978; Wickstrom et al., 1984; Renecker & Hudson, 1986) indicate that these relations should
show a plateau intake, or saturation kinetics, sensu Holling (1965). However, some growth forms,
such as shrubs are eaten as bites with little, or no, relation to biomass (Spalinger ez a/., 1988;
Shipley & Spalinger, 1992; 1995). This is not the case for coastal lowland tundra (White ez 4/,
1975), upland tundra inland from the coast (White & Trudell, 1980a; 1980b) and alpine tundra
in Norway (Gaare & Skogland, 1975) for which all evidence supports a dependency of intake rela-
tive to the biomass with separate functional response curves representing each plant growth form.

Thus, forage biomass is used in this model as a driver of food intake as previously described
(Kremsater ez al., 1989; Hovey et al., 1989; Russell e al., 2005). Observed diets are used to adjust
potential intake attributed to all plant species or growth form (e.g. deciduous shrubs) to reflect
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the proportions of those species or growth forms contained in the diet. However, where diet is
not known, diet is predicted based on species preferences determined through experimentation
with reindeer grazing lowland and upland tundra in Alaska (White ez al., 1975; White & Trudell,
1980a; 1980b; Trudell & White 1981) and alpine tundra in Norway (Skogland, 1980). In sum-
mary, forage intake, in grams per minute, is determined as a potential maximum based on biomass
and is then corrected to reflect the diet composition. Intake is calculated hourly based on propor-
tion of the day the animal spent foraging and proportion of the foraging time spent eating (eating
intensity). The hourly time-step for determining forage intake allows more realistic simulation of
rumen function.

Three constraints provide feedback on forage intake that alone and combined prevent overeat-
ing. The three constraints are a) a logistic constraint that prevents intake exceeding known maxi-
mum forage intake capacity, b) a rumen capacity constraint that prevents intake from exceeding
the maximum rumen fill, and ¢) a metabolic constraint that prevents forage intake exceeding
the maximum ability of the animal to utilize intakes of metabolizable energy and metabolizable
protein.

Potential Forage Intake Rate

Based on theory and field measurements already detailed, a potential intake rate for each plant
growth form (PFIP, gDM - min-1) is initially generated. In order to fit a maximum intake to
extant data, mean intake rates of each plant species or growth form (Table 1, Trudell & White,
1981) were used to estimate a maximum intake rate (PCMAX, gDM - min-1) for each species
or growth form. Equations approximating a Michaelis-Menton curve (used to describe rate of
enzyme reactions) were used to relate PFIP to forage biomass (FB) of the selected growth form
(FB, kg - ha') in order to generate PCMAX. Data for PFIP and FB (White ez a/., 1975; Skog-
land, 1980; White & Trudell, 1980a; 1980b; Trudell & White, 1981) were fitted by sequentially
adjusting the steepness of the curve (search efficiency; AR, gDM - ha - kg''- min™, Figure 1) to
give a least squares estimate of PCMAX (Simulation and Modeling Program, SAAM 1I 2002).
Values for AR and PCMAX for each growth form are listed in Table 1. Also shown in Figure 1
are estimates of foraging effort (E), a measure of plant preference shown by reindeer foraging on
lowland and upland tundra in Alaska and alpine tundra in Norway.

Potential rate at which forage can be ingested per minute for each plant group is calculated daily
from available biomass as (see Table 1, Figure 1):
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Table 1. Data used to generate foraging effort (E) based on relative plant biomass (A) and
preference index, and estimates of search efficiency (AR) and maximum eating rate (PCMAX) in
relation to forage growth form for Rangifer

Growth Form Equation | AR, | PCMX,
lichen E=1.1A 0.005 10
mushroom E=8,55A, 0.09 20
horsetail E=1.131A, 0.02 7.5
graminoid E=1.46Ln(A)+4.26 0.015 7.5
deciduous E=0.81A, 0.03 12
evergreen E=1.86Ln(A)+2.32 0.02 )
forb E=30.0 A, 0.12 15
eriop vag bud E=15.0 A, 0.18 15
stand dead E=0.2A 0.005 7.5
moss E=0.2A 0.005 5

eriop vag bud: Eriophorum vaginatum flowering buds

PFIP = (AR -FB ) /(1 + (AR -FB, )/ PCMAX, ) (1)
where:

PFIP , = potential per minute forage intake rate of plant group p on day & (g - min™)

AR = user-specified coefficient dictating the steepness of the curve relating eating
rate to biomass for each forage class; in biological terms this coefficient is
equivalent to a searching and handling efficiency for each forage class
(g-ha-kg'-min")

FB , = user-specified available forage biomass for plant group p on day 4 (kg - ha)

PCMAX , = user-specified maximum forage intake rate for plant group p on day 4

(g min™)
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Figure 1. Relationship between potential forage intake (PFIP) and avail-
able forage biomass (FB) for different plant groups based on search ef-
ficiency (AR) and maximum eating rate (PCMAX) for Rangifer

Actual Forage Intake Rate

Based on the potential forage intake rate for each plant group, the actual forage intake of each
plant group is then calculated by the model on an hourly basis. Because intake is related to
biomass of the plant group, the diet is used to confine predictions to the plant groups compos-
ing the diet. Where diet is not known, then a prediction of likely diet is made based on forage
preferences and relative availability. Forage use versus availability (expressed as relative biomass)
was estimated for reindeer tethered on known vegetation types, of known species composition
and species biomass (White & Trudell, 1980a; 1980b; Trudell & White, 1981). Thus, foraging
effort (E, proportion of foraging time spent feeding on each plant group) = plant preference (P)
- relative availability (A, proportion of total biomass) (Table 1). In these analyses graminoids and
evergreen shrubs were preferred (P > 1) at low relative A, but were discriminated against (P < 1)
at high A (Table 1). Mushrooms, forbs and buds (inflorescences) of Eriophorum vaginatum early
growth were very highly preferred (P >> 1), whereas dead plant material and moss were highly
not preferred (P = 0.2) (Table 1). Thus, the foraging effort (E,) estimated for each plant group
can be substituted for diet if none is known.

Available Forage Intake

Because many functions within the rumen occur in a time frame less than a day, and several
feeding periods occur each day (Skogland, 1984a; Collins & Smith, 1989; Russell ez a/., 1993;
Maier & White, 1998; Stimmelmayr & White, 2000; Colman ez 4/, 2001; 2003; 2004; van
Oort et al., 2005; 2007), the amount of forage dry matter entering the rumen is estimated on
an hourly basis. The model begins by calculating “available” forage intake entering the rumen
(AFI), referring to forage intake that would result if constrained only by the proportion of each
plant group making up the daily diet (Table 2), the fraction of time spent eating in a foraging
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bout and the fraction of the day spent foraging (Table 2). Available forage intake rate is given by:

AFL =PFIP ,-60-DIET  -PFOR,-PFOREAT), forhind (2)
» » »

where:

AFL = available dry-matter forage hourly intake rate for plant group p on day 4 (g - h")

PFIP | = potential per minute forage intake rate of plant group p on day 4 (g - min™)

60 = coefhicient to convert units of potential forage intake rate from g- min” to g- h'!

DIET , = user-specified proportion of time spent eating plant group p on day 4
(proportion) — note that this generally approximates the diet

PFOR, = user-specified proportion of day  spent foraging (proportion)

PFOREAT , = user-specified proportion of foraging period spent eating on day &
(proportion)

Activity Budgets

Activity of the modeled animal is expressed as fraction of the day (24 h) spent in lying (AC-
TIVELIE), standing (ACTIVESTAND), walking (ACTIVEWALK), running (ACTIVERUN)
and foraging (PFOR). Foraging includes proportion of time eating (PFOREAT) and in winter
proportion spent pawing through the snow (PAWINT) (Table 2). The proportional time spent
in searching behavior and walking while foraging makes up the balance of foraging time. Each
datum is entered into an Excel spreadsheet commencing with Julian day 1 (January 1). Activity
data supplied to the model can be as frequent as daily or may be changed seasonally based on
known field observations. The model will then interpolate between input dates to calculate daily
values. This same procedure applies to all input values such as biomass, forage chemistry or diet.
Table 2 provides an example of possible input values for activity.

Table 2. Example of an activity budget typifying the first month of the year (Julian Day 1-31)

Activity Budget
Activity Budget (Proportion) Br:ztgg;’r\:; i
J[;‘;?n Lying | Standing| Walking| Running| Foraging| Eating Pawing

1 0.43 0.05 0.07 0.02 0.42 0.84 0.13
3 0.43 0.05 0.07 0.02 0.42 0.84 0.13
4 0.43 0.05 0.07 0.02 0.42 0.83 0.14
10 0.43 0.05 0.07 0.02 0.42 0.83 0.14
11 0.44 0.05 0.07 0.02 0.41 0.83 0.14
12 0.44 0.05 0.07 0.02 0.41 0.83 0.14
13 0.44 0.05 0.07 0.02 0.41 0.82 0.15
21 0.45 0.05 0.07 0.02 0.41 0.82 0.15
31 0.46 0.05 0.07 0.02 0.39 0.80 0.17
32 0.46 0.05 0.07 0.02 0.39 0.80 0.17
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In this example activity budgets remained the same between Julian Days 1 and 3, 4 and 10, 11
and 13 but changed linearly for lying, foraging, eating and pawing between Julian Days 13 to 21
and 21 and 31.

Digestion, Rumen Metabolism & Assimilation

Measures of dry matter and protein entering the rumen-reticulum (hereafter the rumen) are
maintained in the model at the dietary species level to determine contribution of dietary compo-
nents to digestion, assimilation as metabolizable energy and metabolizable protein-N, and losses
in urine and feces. The model incorporates fundamental relations with respect to food process-
ing (ARC, 1980; Spalinger ez al., 1993; Aagnes et al., 1996; Barboza et al., 2009; Lechner ez al.,
2009; Thompson & Barboza, 2013). Ruminal digestion of organic matter is used to determine
microbial protein synthesis (ARC, 1980; NRC, 2007) and to estimate N recycling (NRC, 2007;
Barboza et al., 2009). Plant constituents that potentially bypass rumen fermentation are estimat-
ed before the remaining dry matter is fermented. Ruminal fermentation of plant cell contents
and cell wall components, based on assay of Neutral Detergent Fiber (NDF) and Acid Detergent
Fiber (ADF) (Goering & Van Soest, 1970; Van Soest ez al., 1991), is simulated using literature
derived digestibilities that are corrected for inhibition by plant tannins (Robbins, 1993; McArt
et al., 2000), in the shrub component of the diet. Indigestible plant material is summed to give
fecal DM and energy output.

The metabolizable energy system (ARC, 1980; NRC, 2007) is used to determine efficiency
of use of metabolizable energy for allocation to maintenance metabolism (k ) and use of me-
tabolizable energy for retention as growth (k ), hair/fiber (k;), pregnancy/gestation (kpreg) and
lactation (k) (Fig. 1). Separate estimates of the apparent metabolizable energy content of appar-
ently digested energy for ruminants are taken from Robbins (1993 306). Apparent net energy
available for maintenance and production (Robbins, 1993 312) depend on subtracting that heat
produced during digestive and metabolic processes, which is termed the heat increment of feed-
ing (HIF) in ruminants. In domestic animals, HIF of the meal is estimated as inefliciency in use
of metabolizable energy (1- k ). However, in the free ranging animal these costs can be higher
due to energy costs associated with foraging (Farrell ez a/., 1972; Young & Corbett, 1972; Osuji,
1974; Webster, 1979). Forage type, quality and intake level and cold forage temperature are
associated with feeding costs and therefore result in a wide range of apparent net energy coeffi-
cients (NEC) of metabolizable energy (NEC, 0.48-0.81) in ruminants (Robbins, 1993 308).

Urinary energy loss is based on the sum of energy associated with endogenous urinary nitrogen
plus inefficiencies in use of metabolizable energy for retention. As a fraction of apparent digested
energy, urine energy loss is low (0.028-0.19, Robbins, 1993 304). Gas loss as methane (CH,) also
lowers the available metabolizable energy and varies with diet; as a proportion of apparent digest-
ible energy CH, loss is 0.025-0.12 (Robbins, 1993 305). Different efficiencies are used when
body fat is mobilized to support metabolism, gestation and lactation (See Allocation Submodel
and Table 4).

Use of digested protein-N for maintenance metabolism (kpm) also reflects N losses to endog-
enous urinary N (1- k). To estimate net protein-N requirements for maintenance and produc-
tion, efficiency of retention of metabolizable protein-N for gain (k , body protein, antlers), fiber/
hair growth (kpf), pregnancy/gestation (kppreg) and lactation (kpl) differ from those used when body
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Figure 2. Intake, digestion, and passage dry matter flow to determine

metabolizable energy intake and feces output

protein is mobilized to
support  metabolism,
gestation and lactation.
These values are tak-
en from the literature
(NRC, 2007) and other
Rangifer models (Moen
& Pastor, 1998).

Inefficiencies in
absorption of amino
acid-N from intestines
contribute to fecal N
output, while inefficien-
cies in use of metaboliz-
able protein-N for gain
contribute to urinary
nitrogen loss. The sum
of net energy and net
protein-N intakes are
then compared with
energy and protein-N
losses on a daily basis
to compute whole body
balances of energy and
protein-N in the mod-
eled animal.

Infections of gastro-
intestinal  nematodes
extract seasonal costs

relative to weight gain

and reproduction (Stein ez al., 2002; Gunn & Irvine, 2003) through reduction in appetite (Steel
et al., 1980) and a loss in net N gain through leakage of plasma protein (Steel ez al., 1980). These
metabolic costs are currently modeled through differences in efficiencies in use of ME and MN
(Table 4) and as a component of maintenance requirements (NRC, 2007, Table 5). The user can
modify values in Table 4 to reflect either the temporal or seasonal nature of the infection, effects of
forage quality (Van Houtert ez al., 1995; Steel, 2003), vulnerability to infection of the individual
modeled (Gunn & Irvine, 2003), and infection level (Kutz ez al., 2013; Steele ez al., 2013) as they

are available in literature.

Caleulating Metabolizable Energy Intake

The flow of information from food intake to determination of daily metabolizable energy in-
take is detailed in Fig. 3. Although ruminal digestion of dry matter and protein are inextricably
linked (Van Soest, 1982; Leng & Nolan, 1984; Beever & Siddons, 1986; Preston & Leng, 1987;
Leng, 1990; Poppi & McLennan, 1995), for ease of modeling dry matter/energy and protein
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are simulated separately. Separate processing of dry matter and protein are then rationalized to
provide balanced energy and N input to the rumen for allocation to meet the host’s require-
ments and to calculate an energy and N balance. The main integrator of dry matter and protein
digestion is the role that digestion and fermentation of dry matter makes in providing energy for
microbial maintenance metabolism and for microbial growth (Richardson ez a/., 2003). Outflow
of microbial protein from the rumen can dominate the N economy of ruminants (NRC, 2007).

Rumen microbes ferment cell contents and cell wall material in the rumen (Hungate, 1966;
Annison & Armstrong, 1970; Van Soest, 1982; Preston & Leng, 1987; Barboza ez al., 2009).
However, digestions of cell wall and cell contents proceed at different rates and are controlled
by different components of the rumination cycle (Baldwin ez /., 1977; Baker & Hobbs, 1987).
Thus, to model digestibility within the rumen and passage of components out of the rumen,
forage is first allocated to cell wall and cell contents components (Fig. 2, Eq. 3, 4) based on each
plant’s content of neutral detergent fiber (NDE Van Soest, 1982). However, the NDF assay may
underestimate the amount of cell wall and overestimate cell contents. In the Van Soest detergent
system for determining plant constituents, pectin, a cell wall component, is soluble in neutral
detergent and is removed from the cell wall (Robbins, 1993). Thus pectin becomes a compo-
nent of the cell contents. Because pectin is very highly digestible (Van Soest ez a/., 1991) it has
the same attributes as cell contents. However, because pectin makes up a minor constituent of
graminoid species and legumes (1-6 g -100gDM™), and somewhat more in shrub leaves and
twigs (6-12 g - 100gDM™, Van Soest, 1982; Robbins, 1993), the error imposed by not correct-
ing for pectin solubility does not seriously affect estimates of digestible energy and metabolizable
energy intakes, and Equations 3 and 4 give good approximations.

A variable component of some plants is not digested in the rumen (ARC, 1980) and is vari-
ably termed “bypass” or “undegradable” (ARC, 1980). The first step of simulating cell contents
is to estimate the level of cell contents that may escape rumen fermentation (Eq. 5). Non-
degradable cell contents then pass through the omasum to be digested post-ruminally. Specula-
tion on whether non-degradable or bypass digesta is through chemical complexing by reversibly
binding condensed tannins (Barry & Duncan, 1984; Barry & Manly, 1984; Barry & McNab,
1999; McArt ez al., 2009), or is through the operation of the esophageal groove mechanism that
evolved to prevent milk from entering the rumen in suckled animals (Qrskov and MacDonald,
1969; Orskov ez al., 1970) is not dealt with mechanistically by the model. It is assumed in the
model that bypass constituents are confined to the cell contents, are mainly due to proteins,
plus those carbohydrate components in dry matter such as starch, sugars etc. In the ARC (1980)
and NRC (2007) systems, these rumen non-degradable constituents do not contribute energy
or N to microbial synthesis. Values for the extent of protein degradation in the rumen (ARC,
1980 135) are used to estimate extent of non-degradability (1- degradability) of cell contents as
a whole. These estimates are shown in Table 4. The remainder cell contents are then digested in
the rumen (Eq. 9).

In the model, forage intake is composed of digestible and non-digestible material; the digest-
ible portion can be further subdivided into cell content and cell wall (Fig. 2).

Cell wall intake

Total cell wall intake rate is calculated from the neutral detergent fiber (NDF) analysis as:
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ACWFI = AFI, - NDF,, for /in d (3)

where:
ACWEFI = available cell wall intake rate for plant group p on day 4 (g - h™)
AFL , = available forage intake rate for plant group p on day & (g- h")
NDF , = user-specified proportion cell wall in plant group p on day 4, as

calculated from neutral detergent fiber analysis (proportion NDF
in dry matter forage intake)

Cell content intake
Total cell content intake rate is calculated next as the remaining component of available forage

intake:
ACCFI ,= AFI ,—~ ACWFI (4)
where:
ACCFL , = available cell content intake rate for plant group p on day 4 (g - h")
AFL | = available forage intake rate for plant group p on day 4 (g- h™)

ACWFI = available cell wall intake rate for plant group p on day 4 (g - h™')

Digestible bypass cell content

In the model it is assumed that only cell contents bypasses fermentation in the rumen. The por-
tion of the digestible cell content intake that bypasses rumen digestion is calculated as:

ABYFL = ACCFl - PCCIBY , 5)
where:

ABYFI = available bypass intake rate for plant group p on day 4 (g - h™)

ACCFI = available cell content intake rate for plant group p on day & (g- h™)

PCCIBY = user-specified proportion of digestible cell content intake that is bypass
for plant group p on day 4 (proportion)

The remaining digestible cell content intake can be calculated as:

ACCDFI = Maximum { ACCFL  —ABYFI ,—(ACCFI - (1-PCCDIG) )),0} (6)
where:
ACCDFL -~ = ?vaiiftlla)le digestible cell content intake rate for plant group p on day 4
g
ACCFL , = available cell content intake rate for plant group p on day & (g- h™)
ABYFI = available bypass intake rate for plant group p on day 4 (g - h")
PCCDIG = dry matter digestibility of cell content for plant group p on day &

(proportion)

This journal is published under the terms of the Creative Commons Attribution 3.0 Unported License =
22 liorinchiet Birgitta Ahman, Technical Editor Eva Wiklund and Graphic Design: Bertl Larsson, wwwrangiferjournal.com L) IR Ral‘lglfel’, 34; SPCC- Iss. No. 22, 2014


https://creativecommons.org/licenses/by/3.0/

Ruminal intake of digestible cell wall and cell contents
The level of plant ADF was used to estimate cell wall digestibility (Eq. 7 Fig. 3; Robbins ez al,

1987a). Again, Van Soest (1982) and Robbins (1993) show that errors can occur in application
of the detergent analysis technique. In order to accurately estimate the ADF resistant material
(e.g. lignin) estimations of NDF and ADF must be made sequentially, otherwise measured ADF
levels can exceed those of NDE which leads to a negative estimation of hemicellulose and an
impossibly high estimation of lignin. Therefore, in compiling measures of ADE literature values
of ADF were rejected if ADF exceeded NDE

Although true digestibility of cell contents is high (-0.98, Van Soest, 1982), apparent digest-
ibility varies widely (0.51-0.66 for domestic forages, Van Soest, 1982) and for wildlife a set of
analyses shows digestibility is associated with the cell contents level in the plant (Eq. 7, Fig. 4)
and may range as low as 0.5 to a high of 0.76 (Robbins ez 4., 1987a; Hagerman & Robbins,
1993). Plant secondary compounds such as tannins also can lower digestibility of cell contents
(Eq. 10) probably through binding plant proteins (Robbins ez @/, 1987b) and dry matter (Rob-
bins ez al., 1987a; Hanley ez al., 1992; McArt ez al., 2009). However, studies with deer species
indicate no reduction in digestibility of cell walls by tannins (Robbins ez al., 1987a). Irreversible
binding by tannin can be estimated by the extent that bovine serum albumin (BSA) complexes
with cell contents. The BSA complex gives a quantitative assay of tannin binding and reduc-
tion in potential digestibility of cell contents (Eq. 10 & 11, Fig. 5). BSA binding assays have
not been made universally. Where no BSA analysis on shrubs is available in the literature, an
estimate was made based on the strong correlation between BSA assay (mg/mg) and N content
of leaves (gN - 100gDM™) of deciduous shrubs (BSA = 0.456 - 0.098 - N, r* = 0.457, n = 26,
P<0.01) and evergreen shrubs (BSA = 0.295 — 0.06 - N, r* = 0.949, n = 6, P<0.01) (based on
analysis of data in McArt ez al., 2009).

Rationale for balancing rumen fermentation stoichiometry

Maceration of cell walls during eating releases most cell contents, and reduction in particle size
during regurgitation, chewing and rumination is essential to cell wall digestibility as well as con-
trolling passage of indigestible material from the rumen (Trudell-Moore & White, 1983; Spal-
inger ez al., 1986; Ulyatt ez al., 1986; Spalinger & Robbins, 1992). Continuous input of saliva
is required to balance pH and add N and minerals to the fermentation medium. The rumen
microbial system, mainly bacteria and protozoa (Hungate, 1966; Dehority, 1974; 1975; 1986;
Orpin et al., 1985; Orpin & Mathiesen, 1990; Dehority & Orpin, 1997), but also fungi in wild
ruminants (Orpin & Joblin, 1988), break down forage carbohydrates and metabolize them to
produce adenosine triphosphate (ATP) for use in microbial growth (Baldwin, 1970; Baldwin,
2010; Wolin, 1975; Van Soest, 1982), with a yield of about 13-20 g of microbial dry matter per
mole of ATP (Walker & Nader, 1968; Hespell & Bryant, 1979; Van Soest, 1982). During syn-
thesis of ATD, microbes produce volatile fatty acids (VFAs) as one set of end products of fermen-
tation (Leng & Leonard, 1965; Hungate, 1966; Leng, 1970). Other end products are CO, and
CH,. The same end products have been confirmed for wild ruminants (Gordon, 1968; Langer,
1974; Hoppe, 1977; Hoppe et al., 1977; Kay et al., 1980; Hume & Warner, 1980), including
reindeer (White & Gau, 1975; White & Staaland, 1983; Sermo ez al., 1997). VFA production
directly reflects digestion of carbohydrates in the rumen (Baldwin, 1970; Leng, 1970; 1982)
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and the relation between microbial protein synthesis in the rumen and VFA production is high
(Walker & Nader, 1968; Walker ez al., 1975; Beever & Siddons, 1986). It is these relations that
are used to link dry matter, energy and protein-N transactions in the rumen. Following absorp-
tion from the rumen, oxidation of VFAs to CO, and water yields about 60-80% of digestible
energy intake in the ruminant (Annison ez al., 1967; Leng, 1970). In the reindeer about 60 % of
the maintenance energy requirement is derived from oxidation of VFAs (White ez al., 1990).

VFAs absorbed from the rumen also support anabolic processes such as de novo synthesis of
glucose from propionic acid and long-chained fatty acid from acetic acid (Leng, 1970). Gener-
ally, fermentative energy loss as CO, and CH, represent approximately 20% of the energy di-
gested by microbes (Van Soest, 1982; Preston & Leng, 1987). In our model the many interact-
ing factors that control pathways of VFA production and the efliciency of maintenance energy
metabolism by microbes (i.e. microbial N formed/mole ATP) are not tracked as they are in
rumen-centric models (Baldwin, 1970; Baldwin ez 2/, 1977; Black et 2/, 1980-81). Instead, the
model uses a mean yield of microbial N synthesized in relation to organic matter digested in the
rumen (ARC, 1980; Van Soest, 1982 169). Thus for each 1 kg of organic matter degraded in the
rumen, 32 g N (200g protein) is incorporated into the production of 320 g of new microbial
cells (see protein-N digestion). The equations listed below reflect this basic stoichiometry of ru-
men digestion.

Cell wall digestibility

Digestibility of cell wall is calculated for each plant type as a function of the plant type’s acid
detergent fiber (ADF) content each day, using data from Robbins ez a/. (1987a) that was fitted
to data between ADF values of 0.13 to 0.42 g - gDM! (see Fig. 3):

PCWDIG , = 0.3 if ADF ,<=0.129 7)
- (93-ADF’ ) - (91.88 ADF* ) + (27.103 - ADF, J— 1.8653
if 0.129 < ADF Ve 0.421
- 0.2 if ADF, ,>= 0.421
where:
PCWDIG, , = dry matter digestibility of cell wall for plant group p on day 4 (proportion)
ADF = user-specified acid detergent fiber content for plant group p on day &

(proportion ADF in dry matter forage)
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Figure 3. Relationship between cell wall digestibility (PCWDIG) and ADF content of the intake

Cell content digestibility

Digestibility of cell content is calculated in two steps. First, it is estimated for each plant type as
a function of the proportion of cell content in the forage intake using data from Robbins ez 4.
(1987a) for cell content level between 0.31 and 0.69 g.gDM™! (Fig. 4).

Proportion of cell content can be inferred from neutral detergent fiber (NDF) analysis as:

PCC, ,=1-NDF,, (®)

where:
PCC,, = proportion of intake that is cell content for plant group p on day 4 (proportion)

NDF , = user-specified proportion cell wall in plant group p on day 4, as calculated from
P
neutral detergent fiber content (proportion NDF in dry matter forage)

Digestibility of the cell content is determined from the relationship shown in Figure 4.

PCCDIGIN,, =0.5 ifPCC,, <= 0.31  (9)
=(-1.83- PCCZM) +(2.53 - PCCM) —0.1085 if 0.31 < PCCM <0.691
=0.766 ifPCCM >=0.691

where:

PCCDIGIN = initial estimate of the dry matter digestibility of cell content for
plant group p on day 4 (proportion)

PCC,, = proportion cell content intake for plant group p on day 4 (proportion)
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Figure 4. Relationship between cell content digestibility (PCCDIGIN) and the pro-
portion of cell content intake (PCC)

The second step in estimation of digestibility of cell contents is to reduce the estimate made in
Eq. 11, due to binding by plant tannins using the BSA assay (Robbins ez a/., 1987b; McArt et al.,
2009). Reduction in cell content digestibility due to BSA was estimated from data of McArt ez al.

(2009) (Fig. 5).

RCCTAN , = (- 0.64065 - BSA? ) + (0.7031 - BSA ) ifBSA ,<=0.549  (10)
=0.193 otherwise

where:
RCCTAN, ;= reduction in the dry matter digestibility of cell content due to the
presence of tannins for plant group p on day 4 (proportion reduction)
BSA = user-specified bovine serum albumin (BSA) content for plant group p

d =
! on day d (proportion of BSA in dry matter forage)
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Figure 5. Relationship between the reduction in digestibility of cell content due to
tannins (RCCTAN) and the BSA content of the shrub intake
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This effect of tannins is then used to adjust the initial estimate of cell content digestibility:

PCCDIG, ,= PCCDIGIN - RCCTAN (11)
» » »
where:
PCCDIG,, = dry matter digestibility of cell content for plant group p on day 4

(proportion)
PCCDIGIN ;= initial estimate of the dry matter digestibility of cell content for plant
group p on day 4 (proportion)
reduction in the dry matter digestibility of cell content due to the
presence of tannins (proportion)

RCCTAN |
»

Non-digestible intake and overall digestibility

Application of digestibility to the cell wall and cell contents entering the rumen allows esti-
mation of the hourly intake of digestible cell wall (Eq. 12). Non-digestible cell contents and
non-digestible cell walls are summed to determine intake of non-digestible dry matter (Eq. 13).
Estimation of overall digestibility of forage is made by subtracting sum of non-digestible intake

from the estimate of forage intake and dividing by forage intake of each plant group on a daily
basis (Eq. 14).

Digestible cell wall intake can be calculated as:

ACWDFI  =ACWFI -PCWDIG , for hind (12)
» » b
where:
ACWDFI = available digestible cell wall intake rate for plant group p on day 4 (g - h")

ACWFI available cell wall intake rate for plant group p on day 4 (g- h™)
PCWDIG, , = dry matter digestibility of cell wall for plant group p on day 4 (proportion)

The non-digestible portion of the available forage intake is calculated as the difference between the
total forage intake and the digestible portion:

ANDFI = AFl - (ACCDFI ,+ ACWDFL  +ABYFL ) (13)
where:
ANDFI = available non-digestible forage intake rate for plant group p on day 4 (g - h'')
AFL , = available forage intake rate for plant group p on day 4 (g - h™")
ACCDFI = available digestible cell content intake rate for plant group p on day 4
T geh
g-

ACWDFI , = available digestible cell wall intake rate for plant group p on day 4 (g - h")
ABYFI , = available bypass intake rate for plant group  on day & (g - h™')
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The overall dry matter digestibility of the forage intake can be calculated as:

PDIG, , = (AFI ,— ANDFL )/ AFI , (14)
where:
PDIG, , = dry matter digestibility of forage intake for plant group p on day 4 (proportion)
AFL = available forage intake rate for plant group p on day & (g - h™)

ANDFI , = available non-digestible forage intake rate for plant group p on day 4 (g - h")

Residence of digesta in the rumen
Following allocation of forage to dry matter bypass, and estimation of hourly intakes of digest-
ible cell contents, digestible cell wall and non-digestible cell wall, the intakes are added to these
three rumen pools (Fig. 2). Loss from the non-digestible pool to the intestines (Eq. 15, Fig. 6)
is based on rate-constants (KPND, proportion of non-digestible pool.h™"). Because this pool is
made up of indigestible material in the form of “solids” or “particles”, rate-constants from the
literature were used based on a minimum rate-constant for solids (KPNDMIN, proportion.h™)
that results in an exponential increase in KPND with an increase in dry matter digestibility
(PDIG, Fig. 6). KPNDMIN can be adjusted to diet seasonally and Figure 6 shows relations for
KPNDMIN of 0.005 during winter hypophagia and 0.02 for summer hyperphagia.

Timing of transition from winter to summer is assumed to occur with spring green-up and
transition from summer to winter at first “hard frost”, snow accumulation, or 30" November,
whichever occurs first. Validation of KPND in Figure 6 is based on literature values of ru-

men turnover rates (inverse of rate-constant) using non-digestible markers in captive animals.
For reindeer/caribou, muskoxen and moose, the fractional outflow of fibrous (non-digestible)
material is closely related to outflow of the liquid component (White ez a/., 1984; Renecker &
Schwartz, 1997; Schwartz & Renecker 1997) that has been measured more frequently than dry
matter. Thus, fractional outflow rates for fiber (KPND) are projected at approximately 0.027 in
winter, 0.073 in mid-summer and 0.10 at a peak intake of highly digestible forage. These values
are based on rumen turnover times (Spalinger ¢z a/., 1986; Holleman & White, 1989; Staaland
& White, 1991; Spalinger & Robbins, 1992) and whole animal balance experiments (Schwartz
et al., 1988; Holleman & White, 1989). For reindeer and caribou rumen turnover times are
more highly related to digestible dry matter intake than to dry matter digestibility (White ez al,
1984). However, predicted KPND from Eq. 15 approximates these experimentally based rate-
constants using KPNDMIN of 0.008 in winter (KPND = 0.023, DMD 0.65) and 0.02 in sum-
mer (KPND = 0.07, DMD 0.7) with KPND = 0.1 at peak digestibility.

Non-digestible passage rate

The hourly passage rate of non-digestible material for each plant group from the rumen is calcu-
lated each day as a function of the plant group’s daily digestibility (see Fig. 6):
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KPNDM= 1/ ((1/KPNDMIN) — (((1/KPNDMIN) -PDIGM)) (15)

where:

KPND , = hourly passage rate of non-digestible material from the rumen for
plant group p on day 4 (proportion - h™')

KPNDMIN = user-specified minimum hourly passage rate of non-digestible material from
the rumen (proportion - h'') — by default this value is set to 0.005 for winter
and 0.02 for summer

PDIG , = dry matter digestibility for plant group p on day  (proportion)
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Figure 6. Relationship between hourly passage rate of non-digestible material

(KPND) and dry matter digestibility (PDIG)

Rumen fill using available forage

Empirical estimates of rate-constants for digestion are usually based on the fractional disappear-
ance of plant dry matter or protein-N from nylon bags suspended in the rumen (QDrskov & Mc-
Donald, 1979; Person et al., 1980; White & Trudell, 1980a) and can be used to separate rates
of digestion (proportion - h™') of cell contents (KPCC, 0.09-0.27) and cell walls (KPCW, 0.004-
0.015) (Table 3). These values agree with findings for sheep and cattle based on whole animal
feeding studies (Beever & Siddons, 1980).

Values used for cell contents (KPCC ~0.2, Eq. 16) and cell walls (KPCW -0.01, Eq. 17) are
calculated means based on mean rate-constants for plant groups (Table 3) assuming a contribu-
tion of each plant group in proportion to the pool. Each hour dry matter loss from each pool (g -
DM - h) is the product of pool size and mean rate-constants for digestion plus passage. For cell
contents digestion (0.1-0.2 proportion - h™' Table 3) dominates over passage (0.02-0.07 propor-
tion - h' Fig. 6), whereas for cell walls the relative contributions are more even (Table 3). These
differences are used to estimate the proportion of cell contents (PMECC) and cell wall (PMECW)
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that contribute energy to metabolizable energy (Eq. 43, 44), but not to feces production (Eq. 50,
51). In the model PMECC and PMECW can be set for each run with default values of 0.78+0.03
and 0.2+0.1 respectively. These year-round mean values are based on average rate-constants for
cell contents and cell walls in Table 3 and seasonal KPND (Fig. 6).

Digestible cell content pool
Based on the previous hour’s pool size, digestible cell content intake in the current hour is added
to the pool then the pool is depleted by rate-constants for digestion plus outflow (KPCC).

Size of the rumen pool of cell contents at the end of the current hour is estimated as:

ACCPOOL, = 3, ((CCPOOLHR , , + ACCDFL ))- (1-KPCC)  forhind  (16)
where:
ACCPOOL, = digestible cell content pool in hour 4, based on available forage (g)

CCPOOLHR = actual digestible cell content pool for plant group p at the end of the
previous hour h-1 (g)

ACCDFL , = available digestible cell content intake rate for plant group p on
day d, based on available forage (g - h™)
KPCC, = user-specified hourly digestion plus passage rate (Table 3) of cell

content on day 4 (proportion - h™)

Digestible cell wall pool
Similarly, loss of dry matter from the digestible cell wall pool is attributable to both digestion

and outflow (KPCW).

Thus at the end of each hour digestible pool size is estimated as:

ACWPOOL, = Z,, ((C\WPOOLHRPJ?_I + AC\WDFIM)) -(1-KPCW) forhind (17)
where:
ACWPOOL, = digestible cell wall pool in hour 4, based on available forage (g)

CWPOOLHR = actual digestible cell wall pool for plant group p at the end of the

previous hour 4-1 (g)

available digestible cell wall intake rate for plant group p on

day d, based on available forage (g- h™)

KPCW, = user-specified hourly digestion plus passage rate (Table 3) of cell
wall on day 4 (proportion - h™')

ACWDFI
pd

Non-digestible pool
Size of the non-digestible pool (indigestible cell wall+ indigestible cell contents, Fig. 3) at the
end of each hour is estimated as:
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ANDPOOL, = Zp ((NDPOOLHRM_] + ANDFIM)) -(1- KPNDM) for hind (18)

where:
ANDPOOL, = non-digestible pool in hour 4, based on available forage (g)
NDPOOLHR = actual non-digestible pool for plant group p at the end of the
previous hour 4-1 (g)
ANDFI , = non-digestible forage intake rate of plant group p on day 4,

based on available forage (g - h™)
KPND, , = hourly passage rate of non-digestible material from the rumen
for plant group p on day d (proportion - h') (Eq. 15).

Table 3. Summary of rate-constants for digestion of cell contents that contributes to KPCC, and
cell wall material that contributes to KPCW

Growth Form Cell Content Cell Wall
lichen 0.113 0.0127
mushroom 0.248 0.0064
horsetail 0.087 0.0150
graminoid 0.087 0.0150
deciduous shrub 0.243 0.0097
evergreen shrub 0.272 0.0045
forb 0.228 0.0050
Eriophorum heads 0.248 0.0064
standing dead vegetation 0.087 0.0150
moss 0.087 0.0050

Rate-constants (proportion - h™') were estimated from disappearance curves deduced from nylon
bags suspended in the rumen of reindeer grazing tundra ranges (White & Trudell, 1980a; 1980b).
Values in bold were measured. Other values are based on rate constants and plant quality (NDE,
cell contents and cell walls (Person ez al., 1980; White & Trudell, 1980a; 1980Db).

Total rumen pools
At the end of each hour, the sum of all three pools (cell contents, cell wall, indigestible), based on

available forage, is estimated as:
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ATPOOL, = ACCPOOL, + ACWPOOL, + ANDPOOL, (19)

where:
ATPOOL, = total of all rumen forage pools at the end of hour 4, based on available
forage (g)
ACCPOOL, = digestible cell content pool in hour 4, based on available forage (g)

ACWPOOL, = digestible cell wall pool in hour 4, based on available forage (g)
ANDPOOL, = non-digestible pool in hour 4, based on available forage (g)

Rumen capacity constraint on food intake
Although the model emulates both digestion and rate of passage of dry material from the rumen,
a mechanism is needed to prevent the rumen from overfilling. Movement of particles out of the
rumen as they approach their potential for digestion is required to empty the rumen sufficiently to
allow new forage to enter. In the model, an estimate of rumen capacity (RCAP, gDM) provides a
constraint to overfilling, which also prevents overeating. RCAP is a variable that can be set for each
run of the model because rumen fill varies between animals within the population (Reimers &
Ringberg, 1983; Reimers ez al., 1983; Spalinger & Robbins, 1992; Gerhart ez al., 1996b), can be
associated with diet (Staaland ez @/, 1979; 1984; Spalinger & Robbins, 1992; Munn & Barboza,
2008) and has been shown to be both larger in winter than summer on Coats Island (Adamc-
zewski et al., 1987b), but smaller in winter than summer in Norway and Svalbard (Staaland &
White, 1991). Although rumen fill is usually measured as wet mass, within the model the rumen
fill (ATPOOL) and RCAP are expressed on a dry weight basis.

Given an estimate of the size of the rumen pools that would result if all available forage were
ingested every hour, the model then compares this estimate to RCAP. If the total estimated size of
the pools exceeds RCAP, then forage intake is adjusted downwards to reflect this constraint.

Excess forage intake
First, if estimated total rumen pool size exceeds the rumen capacity, then the model calculates

excess forage intake is calculated as:

EXCFI, = Maximum { (ATPOOL, —RCAP, ), 0} for hin d (20)
where:
EXCFI, = available forage intake in excess of the rumen capacity for hour /4 (g)

RCAP,, = capacity of the rumen on the previous day 4-1 (g)
ATPOOL, = total of all rumen pools in hour 4, based on available forage (g)

The proportion of total available forage intake that can be accepted into the rumen each hour,
based upon the capacity of the rumen, is then calculated as:
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RPFI, = (3, (AFL ) - EXCFL) /¥ (AFL)  if (EXCFL <3, (AFL ))and (3, (AFL )>0)  (21)

=0 otherwise
where:
RPFI, = proportion of the total available forage intake that can be accepted into
the rumen in hour 4, based on the rumen capacity (proportion)
AFL | = available forage intake for plant group p on day & (g - h™)
EXCFI, = available forage intake in excess of the rumen capacity for hour 4 (g - h™')

This proportion is then used to lower the available forage intake to account for the rumen capac-

ity:

RBYFI | = RPFI, - ABYFI | for hin d (22)
» 3
where:
RBYFI = digestible bypass intake for plant group p in hour 4, based on rumen

capacity constrained forage intake (g - h™)

RPFI, = proportion of the total available forage intake that can be accepted into
the rumen in hour 4, based on the rumen capacity (proportion)
ABYDFI , = digestible cell content intake rate for plant group p on day 4, based on
»
available forage (g - h™)
RCCDFI , = RPFI,- ACCDFI , forhind  (23)
where:

RCCDFI | = digestible cell content intake for plant group p in hour 4, based on
rumen capacity constrained forage intake (g - h™)
RPFI, = proportion of the total available forage intake that can be accepted
into the rumen in hour 4, based on the rumen capacity (proportion)
ACCDFI , = digestible cell content intake rate for plant group p on day 4, based on
7
available forage (g - h™)

RCWDFI , = RPFI, - ACWDFI , for /in d (24)
where:
RCWDEFI , = digestible cell wall intake for plant group p in hour 4, based on rumen
P

capacity constrained forage intake (g - h™)

RPFI, = proportion of the total available forage intake that can be accepted into
the rumen in hour 4, based on the rumen capacity (proportion)
ACWDFI = digestible cell wall intake rate for plant group p on day 4, based on

available forage (g - h')
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RNDFI,, = RPFI, - ANDFI , for hin d (25)

where:
RNDFI | = non-digestible forage intake for plant group p in hour 4, based on
rumen capacity constrained forage intake (g - h")
RPFI, = proportion of the total available forage intake that can be accepted into the
rumen in hour 4, based on the rumen capacity (proportion)
ANDFI , = non-digestible forage intake rate for plant group p on day 4, based on
available forage (g - h™)

Constrained pool sizes
Sizes of cell content and cell wall pools are recalculated based upon these revised estimates of for-

age intake:
RCCPOOL, =¥ (CCPOOLHR, , , + RCCDFL ) - (1 -KPCC) (20)
where:
RCCPOOL, = rumen digestible cell content pool in hour 4, based on rumen capacity

constrained forage intake (g)
CCPOOLHR , , = actual rumen digestible cell content pool for plant group p at the end
of the previous hour 4-1 (g)
digestible cell content intake for plant group p in hour 4, based on
rumen capacity constrained forage intake (g - h™)
KPCC, = user-specified hourly digestion plus passage rate of cell content on
day 4 (proportion - h™')

RCCDFI ,
s

RCWPOOL, = (3, (CWPOOLHR , , + RCWDEI ) - (1 - KPCW) (27)
where:
RCWPOOL, = rumen digestible cell wall pool in hour 4, based on rumen capacity

constrained forage intake (g)
CWPOOLHRP, ,., = actual rumen digestible cell wall pool for plant group p at the end of
the previous hour 4-1 (g)

RCWDFL | = digestible cell wall intake for plant group p in hour 4, based on rumen
capacity constrained forage intake (g - h™)
KPCW, = user-specified hourly digestion plus passage rate of cell wall on

day 4 (proportion - h™')

Metabolic constraint on forage intake

Because bypass, or ruminally non-degradable dry matter (ARC, 1980), is digested post-ruminally
to yield metabolizable energy, this calculation is made prior to calculating metabolizable energy
obtained from rumen pools. Metabolizable energy yield from the bypass intake (as constrained by

rumen capacity) is calculated as:
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RENBY, = ¥ (RBYFI, )- DEBY - PMEBY (28)

where:
RENBY, = metabolizable energy obtained in hour 4 from bypass, based on rumen
capacity constrained forage intake (kJ - h™')
RBYFI | = digestible bypass intake for plant group p in hour 4, based on rumen
capacity constrained forage intake (g - h™)
DEBY = user-specified energy content of bypass dry matter (k] - g*)
PMEBY = user-specified proportion of bypass energy that can be absorbed and

metabolized (proportion)

Metabolizable energy yield from the cell wall and cell content pools (as constrained by rumen
capacity) are calculated as follows:

RENCC, = RCCPOOL, - KPCC, - DECC - PMECC (29)
where:
RENCC, = metabolizable energy obtained in hour /4 from cell content, based on

rumen capacity constrained forage intake (kJ - h')

RCCPOOL, = size of cell content pool in hour 4, based on rumen capacity
constrained forage intake (g)
KPCC, = user-specified hourly rate of digestion plus passage of cell content
on day 4 (proportion - h™')
DECC = user-specified digestible energy concentration of cell content (k] - g*)
PMECC = user-specified proportion of cell content that can be absorbed and
metabolized (0.8)
RENCW, = RCWPOOL, - KPCW - DECW - PMECW (30)
where:
RENCW, = metabolizable energy obtained in hour /4 from cell wall, based on rumen

capacity constrained forage intake (kJ - h?)
RCWPOOL, = size of digestible cell wall pool in hour 4, based on rumen capacity con
strained forage intake (g)

KPCW,, = user-specified hourly rate of digestion plus passage of cell wall on day &
(proportion - h')

DECW = user-specified digestible energy concentration in cell walls (k] - g7)

PMECW = user-specified proportion of digestible energy of cell wall that can be

absorbed and metabolized (0.3)

Total metabolizable energy produced, based on rumen capacity constrained forage intake, is cal-
culated as:
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REI, = RENBY, + RENCC, + RENCW, (31)

where:
REI, = total metabolizable energy intake in hour 4, based on rumen capacity
constrained forage intake (k] - h')
RENBY, = metabolizable energy obtained in hour 4 from bypass, based on rumen
capacity constrained forage intake (k] - h)
RENCC, = metabolizable energy obtained in hour 4 from cell content, based on rumen

capacity constrained forage intake (k] - h)
RENCW, = metabolizable energy obtained in hour 4 from cell wall, based on rumen
capacity constrained forage intake (k] - h)

A target metabolic energy requirement is entered as an initial condition of the model (TER, kJ
- d"), but thereafter a new TER is estimated each day and is used as the target. Likewise, a target
N requirement is entered and subsequently modified. The user can set initial target energy and N
requirement for either winter or summer depending on the start date. Variables associated with
energy and protein-N requirements are discussed in the Allocation Submodel section. Default
target metabolic requirements for winter and summer depend on initial body weight and are es-
timated from literature maintenance requirements at respectively 560 and 660 k] - kg®”>- d! and
326 and 484 mgN - kg®” - d"' (see Allocation Submodel; Energy and Nitrogen Requirements,
Base Requirements).

In order to calculate actual energy intake each hour, metabolizable energy is compared with the
target metabolic energy requirement for the animal to ensure metabolizable energy intake, and
thereby forage intake, does not exceed the animal’s capacity to use metabolizable energy. If me-
tabolizable energy intake is greater than the target, the model will limit forage intake accordingly.

Whenever the hourly estimated metabolizable energy available from forage exceeds target meta-
bolic energy requirement, excess available energy is calculated:

EXCEI, =REI,— (TER, /24)  forhind ifREL, >(TER, /24)  (32)
=0 otherwise
where:
EXCEI, = available energy intake in excess of the target metabolic energy
requirement for hour 4 (k] - h")
REI, = total available energy intake in hour 4, based on rumen capacity constrained
forage intake (k] - h")
TER,, = rarget metabolic energy requirement on previous day 4-1 (k] - d')
24 = hoursinaday (h-d")

The proportion of the total available forage intake that is actually taken in by the animal each
hour, based upon the metabolic energy requirement constraint, is then calculated as:
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MPFI, = (REI, — EXCEI) / REI, if (EXCEIL, < REI) and (REI, > 0) (33)

=0 otherwise
where:

MPFI, = proportion of the total rumen capacity constrained forage intake that
can be taken in by the animal, based on the metabolic constraint
(proportion)

REI, = total available energy intake in hour 4, based on rumen capacity constrained
forage intake (k] - h')

EXCEI, = available energy intake in excess of the rumen capacity (kJ - h)

Actual forage intake, energy intake and rumen pool sizes
Based upon available forage, rumen capacity, and metabolic requirements of the animal, the mod-
el calculates actual forage and energy intake.

Forage intake calculated based on the logistic constraint is adjusted downwards if available ru-
men capacity constrained energy intake is greater than the metabolic requirement:

BYFIHR , = MPFI, - RBYFL | (34)
where:
BYFIHR , = actual bypass forage intake for plant group p in hour / (g - h'')
MPFI, = proportion of the total available energy intake that can be used by the
animal in hour 4, based on metabolic requirements (proportion)
RBYFI , = digestible bypass intake for plant group p in hour 4, based on rumen
capacity constrained forage intake (g - h™)
CCDFIHR , = MPFI, - RCCDFI , (35)
where:
CCDFIHR = actual digestible cell content forage intake for plant group p in hour 4 (g - h')
MPFI, = proportion of the total available energy intake that can be used by the

animal in hour 4, based on metabolic requirements (proportion)
RCCDFIL | = digestible cell content intake for plant group p in hour 4, based on rumen
capacity constrained forage intake (g - h™)

CWDFIHR , = MPFI, - RCWDFI, | (36)

where:
CWDFIHR | = actual digestible cell wall forage intake for plant group p in hour / (g - h)
MPFI, proportion of the total available energy intake that can be used by the
animal in hour 4, based on metabolic requirements (proportion)
RCWDFI , = digestible cell wall intake for plant group p in hour /, based on rumen
capacity constrained forage intake (g - h™)
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NDFIHR , = MPFI, - RNDFI, | (37)

where:
NDFIHR = actual non-digestible forage intake for plant group p in hour / (g - h'')
MPFI, = proportion of the total available energy intake that can be used by the

animal in hour 4, based on metabolic requirements (proportion)
RNDFI = non-digestible forage intake for plant group p in hour 4, based on rumen
P
capacity constrained forage intake (g - h™')

FIHR , = BYFIHR , + CCDFIHR  + CWDFIHR 6 + NDFIHR | (38)
» » » » »
where:
FIHR , = total forage intake for plant group p in hour 4 (g - h)

BYFH}—)’IRP’ , = actual bypass forage intake for plant group p in hour /4 (g - h™)

CCDFIHR - = actual digestible cell content forage intake for plant group p in hour /
(g-h?)

CWDFIHR = actual digestible cell wall forage intake for plant group p in hour 4 (g - h™)

NDFIHR ;= actual non-digestible forage intake for plant group p in hour / (g - h'')

Rumen pool sizes prior to passage
Actual rumen pool sizes, prior to digestion and passage each hour, are updated as follows:

CCPRIOR , = CCPOOLHR , , + CCDFIHR , (39)
where:
CCPRIOR |~ = actual rumen cell content pool for plant group p in hour 4, prior to

the current hour’s digestion and passage (g)
CCPOOLHR , | = actual rumen cell content pool for plant group p at the end of the
ph-1
previous hour /-1 (g)

CCDFIHR, = actual digestible cell content forage intake for plant group p in hour
h(g-h?)
CWPRIOR , = CWPOOLHR ,  + CWDFIHR , (40)
where:
CWPRIOR = actual rumen cell wall pool for plant group p in hour 4, prior to the
current hour’s digestion and passage (g)
CCPOOLHR , = actual rumen cell wall pool for plant group p at the end of the
e
previous hour 4-1 (g)
CWDFIHR = actual digestible cell wall forage intake for plant group p in hour 4
3

(g-h?)
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NDPRIOR , = NDPOOLHR , + NDFIHR (41)
)2 ph-1 0.h

where:

NDPRIOR | = actual rumen non-digestible pool for plant group p in hour 4, prior
s
to the current hour’s digestion and passage (g)
NDPOOLHR , = actual rumen non-digestible pool for plant group p at the end of the
ph-1
previous hour /-1 (g)
NDFIHR , = actual non-digestible forage intake for plant group p in hour 4 (g- h")

Daily metabolizable energy intake

Actual metabolizable energy obtained through digestion each hour is re-calculated for bypass, cell

content and cell wall as follows:

BYMEIHRM = BYFIHRM- DEBY - PMEBY (42)
where:
BYMEIHR = = actual metabolizable energy obtained from bypass for plant group p in

hour 4 (k] - h")

BYFIHRP’ ) = actual bypass forage intake for plant group p in hour 4 (g - h™)
DEBY = user-specified digestible energy associated with bypass (k] - g*)
PMEBY = user-specified proportion of bypass dry matter that can be absorbed
(proportion)
CCMEIHRM = CCPRIORM -KPCC,- DECC - PMECC (43)
where:

39

CCMEIHR - = actual metabolizable energy obtained from cell content for plant group p
in hour 4 (kJ - h™)

CCPRIOR = actual digestible rumen cell content pool for plant group p in hour 4,
prior to the current hour’s digestion and passage (g)

KPCC, = user-specified hourly rate of digestion plus passage of cell content on day
d (proportion - h")

DECC = user-specified digestible energy associated with cell content (k] - g)

PMECC = user-specified proportion of cell content dry matter that can be absorbed
(proportion)
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C\WMEIHRP’ )= CWPRIORP) , KPCW - DECW - PMECW (44)

where:
CWMEIHR = actual metabolizable energy obtained from cell wall for plant group p in
hour 4 (k] - h!)
CWPRIOR, = actual digestible rumen cell wall pool for plant group p in hour 4, prior
to the current hour’s digestion and passage (g)

KPCW = user-specified hourly rate of digestion plus passage of cell wall on day 4
(proportion - h')

DECW = user-specified digestible energy associated with cell wall (k] - g7)

PMECW = user-specified proportion of cell wall dry matter that can be absorbed
(proportion)

Energy intake from each digestible pool is summed to determine the hourly metabolizable energy

intake (MEI):

MEIHRP’ = BYMEIHRP’ ,+ CCMEIHRP, ,+ CWMEIHRP, , (45)
where:
MEIHRF , = total hourly metabolizable energy intake in hour 4 (k] - h")

BYMEH—,IRP, , = actual metabolizable energy obtained from bypass for plant group p in
hour 4 (k] - h)
CCMEIHR = = actual metabolizable energy obtained from cell content for plant group
2 in hour 4 (k] - h")
CWMEIHR , = actual metabolizable energy obtained from cell wall for plant group p in
b,
hour 4 (k] - h)

Rumen pool sizes after passage
Rumen pool sizes are updated to reflect the current hour’s digestion plus passage:

CCPOOLHR, , = CCPRIOR - (1-KPCC) for hind (46)
where:
CCPOOLHR | = actual cell content pool for plant group p at the end of hour /4 (g)
CCPRIOR | = actual rumen cell content pool for plant group p in hour 4, prior to
»
the current hour’s digestion and passage (g)
KPCC, = user-specified hourly rate of digestion plus passage of cell content on

day d (proportion - h)
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CWPOOLHR, , = CWPRIOR - (1~ KPCW,) for hin d (47)

where:
CWPOOLHRP) ,
CWPRIORP’ ,

actual cell wall pool for plant group p at the end of hour 4 (g)
actual rumen cell wall pool for plant group p in hour 4, prior to the
current hour’s digestion and passage (g)

KDCW, = user-specified hourly rate of digestion plus passage of cell wall on day
d (proportion)
NDPOOLHR , = NDPRIOR - (1 -KPND ) forhind — (48)
where:
NDPOOLHR , = actual non-digestible pool for plant group p at the end of hour 4 (g)

NDPRIOR , " actual rumen non-digestible pool for plant group p in hour 4, prior
to the current hour’s digestion and passage (g)
hourly passage rate of non-digestible material for plant group p on

day 4 (proportion - h™')

KPND
pd

Fecal production
Total fecal production each hour is calculated as the portion of dry matter that passes into the
intestine but is not converted to energy. This is calculated as:

BYFECHR , = BYFIHR - ( 1 - PMEBY) (49)
where:

BYFECHRHR , = Zeial p;lr(l))duction from bypass dry matter for plant group p in hour

S
BYFIHR = actual bypass forage intake for plant group p in hour 4 (g - h")
PMEBY = user-specified proportion of bypass dry matter that can be absorbed
(proportion)

CCFECHR , = CCPRIOR , - KPCC,- (1 - PMECC) (50)
where:

CCFECHR , = feca}ll I?)roduction from cell content dry matter for plant group p in hour 4

G0

CCPRIOR - = actual digestible rumen cell content pool for plant group p in hour 4,
prior to the current hour’s digestion and passage (g)

KPCC, = user-specified hourly digestion plus passage rate of cell content on day &
(proportion - h")

PMECC = user-specified proportion of cell content dry matter that can be absorbed
(proportion)
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CWFECHR , = CWPRIOR - KPCW,- (1 - PMECW) (51)

where:
CWFECHR = = f(}elcal production from cell wall dry matter for plant group p in hour 4
(g-h)
CWPRIOR = actual digestible rumen cell wall pool for plant group p in hour 4, prior to
the current hour’s digestion and passage (g)

KPCW = user-specified hourly digestion plus passage rate of cell wall on day 4
(proportion - h")
PMECW = user-specified proportion of cell wall dry matter that can be absorbed
(proportion)
NDFECHR})J7 = NDPRIORM c KPNDN{ forhind (52)
where:

NDFECHR = fecal production from non-digestible dry matter for plant group p
in hour 4 (g - h)

NDPRIOR = non-digestible dry matter for plant group p in hour 4, prior to the
current hour’s passage (g)
KPND = hourly passage rate of non-digestible material for plant group p on day

d (proportion - h)

Total fecal production each hour is calculated as:

FECHR , = BYFECHR , + CCFECHR , + CWFECHR , + NDFECHR , (53)
where:
FECHR , = total dry matter fecal production for plant group p in hour /4 (g - h)
BYFECHR = = feca}ll production from bypass dry matter for plant group p in hour 4
(g )
CCFECHR , = Zecal };roduction from cell content dry matter for plant group p in hour
(g-h?)
CWFECHR , = Zecal };roduction from cell wall dry matter for plant group p in hour
(g-h?)
NDFECHR = fecal production from non-digestible dry matter for plant group p in
hour 4 (g- h')

Caleulating Metabolizable Nitrogen Intake

The model simulates processing of N in dietary plant protein, including digestion in the rumen,
by the complex microbial system and transfer of N from the rumen to the intestines for absorp-
tion as amino acids, termed the metabolizable N intake (MNI, Fig. 7). Although plant N is

not all in the form of protein-N, the model considers all forms of organic- N, e.g. nucleic acids,
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(DNA, RNA), etc., as equivalent to protein-N. Within the rumen a proportion of plant protein
and organic-N is degraded to release NH4*, and NH4* also is added through saliva. NH4* is sub-
tracted from protein-N to yield “non-ammonia N (NAN)” (ARC, 1980; NRC, 1985). Flow of
NAN from the abomasum is usually determined in studies that estimate amino acid absorption
from the small intestines (Beever & Siddons, 1986). In the model NH4" is treated separately as a
dietary component, to estimate true N digestibility (Fig. 7). Dietary inorganic-N enters a com-
mon pool with endogenous N (urea plus NH4*) that enters the rumen through saliva and ab-
sorption from the blood stream to constitute the “protein regeneration cycle” (NRC, 2007 18),
often termed the “urea cycle” (McDonald, 1952; Schmide-Nielsen ez 4/, 1957; 1958; Houpt,
1970; Houpt & Houpt, 1968). Generation of microbial N by microbial reproduction during
fermentation of forage cell contents and digestible cell walls uses recycled N (incorporation efhi-
ciency of 0.8 (ARC, 1980 128) plus ruminally-degradable plant proteins, assuming a 100% ef-
ficiency of conversion to microbial protein (ARC, 1980 128; NRC, 1985; 2007). Microbial pro-
tein plus “non-degradable plant protein” (ARC, 1980; NRC, 2007) are flushed from the rumen
to be digested as amino acids, equivalent to NAN, in the intestines (Owens & Goetsch, 1986;
Nolan & Leng, 1972). Literature values for the efficiency of absorption of protein-N between
the abomasum and terminal small intestines (ileum), range from 0.63-0.73. For passage of ru-
minally non-degradable protein-N and microbial protein, an amino acid absorption efficiency
of 0.73 is used (ARC, 1980 130). Once absorbed, N as amino acids is allocated to meet require-
ments of the animal in the joint energy-protein allocation sub-model. That N not absorbed, i.c.
the fractional difference (0.27-0.34), is allocated to fecal N loss.

In parallel with treatment of dry matter, truly digestible plant protein-N is allocated to cell con-
tents and cell wall (Fig. 7). N in cell contents is separated into ruminally un-degradable protein,
including that portion that can bypass the rumen, and ruminally degradable protein that is avail-
able for microbial protein synthesis. Cell content that is complexed by tannins and thereby made
non-digestible is allocated to non-digestible N intake. Non-digestible N intake also includes the
indigestible component of cell wall N.

Component intakes are added to rumen pools of N on an hourly basis. These pools include
undegradable N, degradable N, digestible cell wall N, microbial N, and non-digestible N (Fig.
7). Each hour microbial protein-N is increased from non-protein N, plus degradable-N intake as
driven by the digestion of organic matter. Contents of rumen N pools are depleted on an hourly
basis using rate-constants for cell contents and cell walls. Sum of net amino acid N absorbed from
the intestines is the modeled estimate of metabolizable N intake (MNI) (Fig. 7).
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Figure 7. Calculation of metabolizable nitrogen intake and fecal N output

This journal is published under the terms of the Creative Commons Attribution 3.0 Unported License =
Editr in Chief: Birgitta Ahman, Technical Editor Eva Wiklund and Graphic Design: Bertl Larsson, wwwrangiferjournal.com L) IR Raﬂglfel‘, 34; SPCC- Iss. No. 22, 2014


https://creativecommons.org/licenses/by/3.0/

Protein-nitrogen intake

Nitrogen intake is calculated by plant type each hour based on hourly forage intake
(FIHRM Eq. 38):

NIHR , = PNIT, - FIHR | for /in d (54)

where:
NIHR , = total nitrogen intake for plant group p in hour 4 (g - h™)
PNIT user-specified nitrogen content for plant group p on day  (proportion)
FIHR = total forage intake for plant group p in hour 4 (g - h™")

Intake of true digestible protein-N is calculated assuming true digestibility

is 0.92 (Robbins, 1993 294):

TPNIHRM = PTPNDIG - NIHRM (55)

where:
TPNIHR = true-protein nitrogen intake for plant group p in hour 4 (g- h')
PTPNDIG = user-supplied true-protein nitrogen digestibility (proportion)
— by default this value is set to 0.92 (Robbins, 1993 p294)
NIHR/)} , = total nitrogen intake for plant group p in hour 4 (g - h')

Non-protein N intake is calculated as:

NPNIHR , = NIHR , - TPNIHR (56)
where:
NPNIHR | = non-protein nitrogen intake for plant group p in hour 4 (g - h™)
NIHR | = total nitrogen intake for plant group p in hour 4 (g- h)
TPNIHR = true-protein nitrogen intake for plant group p in hour 4 (g - h™)

Cell content and cell wall nitrogen intake

True-protein nitrogen intake is divided into two components in the model: cell content intake
and cell wall intake with cell wall content based on NDF (Eq. 3). The proportion of the true
protein-N intake that is cell wall is considered to be ADF-bound (Van Soest, 1982 235) for each
plant group as a function of the nitrogen content of the plant group using the relationship shown
in Figure 8 and calculated as:
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PTPCWP) , = YMAX if (PNIT ,>= XMAX) (57)

- YMIN 1f(PNITP <= XMIN)
- YMIN + ((PNIT, , ~ xMIK) - (YMAX — YMIN) / (XMAX — XMIN))
otherw1se

where:
PTPCW , = proportion of the true-protein nitrogen intake that is cell wall for
plant group p on day 4 (proportion)

PNIT , = user-specified nitrogen content for plant group p on day d (proportion)

YMAX = maximum proportion of true-protein nitrogen intake that is cell wall
(proportion) — by default set to 0.3 (Van Soest, 1982 p235)

YMIN = minimum proportion of true-protein nitrogen intake that is cell wall

(proportion) — by default set to 0.1 (Van Soest, 1982 p235)

XMAX = nitrogen content at which the proportion of true-protein nitrogen intake
that is cell wall reaches a maximum (proportion) — by default set to
0.055 (Van Soest, 1982 p235)

XMIN = nitrogen content at which the proportion of true-protein nitrogen intake
that is cell wall reaches a minimum (proportion) — by default set to
0.015 (Van Soest, 1980 p235)

Cell wall nitrogen intake is then calculated as a proportion of the total nitrogen intake:

CWNIHR , = PTPCW, ,- TPNIHR , forhind  (58)
where:
CWNIHR , = cell wall nitrogen intake for plant group p in hour / (g - h™)

PTPCW , = proportion of the true protein nitrogen intake that is cell wall for
plant group p on day d (proportion)
TPNIHR | = true protein-nitrogen intake for plant group p in hour / (g - h™)

0,4

YMAX

0,2

(Propn.)

YMIN

PTPCW: Cell Wall N in True Protein N

0 XMIN 0,64 XMAX 0,08
PNIT: N Content (Propn.)

Figure 8. Relationship between the proportion of true-protein nitrogen intake that is
cell wall (PTPCW) and the plant group’s nitrogen content (PNIT)
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Intake of N in cell content is calculated as total true nitrogen intake minus cell wall nitrogen

intake, viz:
CCNIHRM = TPNIHRM = CWNIHRM (59)
where:
CCNIHR = cell content nitrogen intake for plant group p in hour 4 (g - h™')
TPNIHR = true protein-nitrogen intake for plant group p in hour 4 (g - h™')

CWNIHR = cell wall nitrogen intake for plant group p in hour 4 (g - h')

Digestible and non-digestible nitrogen intake

Although true nitrogen intake is all potentially digestible, that in the cell wall is only released as
the cell wall is digested. Digestibility of cell contents nitrogen is assumed to be 1.0, unless it is
complexed by tannins when forage is in the mouth during prehension and chewing. Digestibility
of cell content N is reduced due to the presence of tannins as assayed by BSA (Robbins ez 4/,
1987b; McArt ez al., 2006). This reduction is calculated according to the relationship shown in
Figure 9:

RNCCTAN, , = YMAX if (BSA, , >= XMAX) (60)
- YMIN 1f(BSA <= XMIN)
= YMIN + ((BSA, ,~ XMIN) - (YMAX - YMIN) / (XMAX — XMIN)) otherwise

where:
RNCCTAN, ;= reduction in nitrogen digestibility of cell content due to the presence of

tannins for plant group p on day  (proportion reduction)

BSA , = user-specified bovine serum albumin (BSA) content for plant group p on
day d (mg.mg™)
YMAX = maximum reduction in nitrogen digestibility of cell content due to the

presence of tannins (proportion) — by default set to 0.013
(Robbins et al., 1987b)

YMIN = minimum reduction in nitrogen digestibility of cell content due to
the presence of tannins (proportion) — by default set to 0 (Robbins ez 4/,
1987b)

XMAX = BSA level at which the reduction in nitrogen digestibility of cell content

due to the presence of tannins reaches a maximum (proportion) —
default set to 0.07 (Robbins ez 4/, 1987b)

XMIN = BSA level at which the reduction in nitrogen digestibility of cell content
due to the presence of tannins reaches a minimum (proportion) —

default set to 0.006 (Robbins ez 2/, 1987b)

Intake of digestible N in cell content is calculated as:
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Figure 9. Relationship between the proportional reduction in nitrogen cell content digestibility
(RNCCTAN) and the plant group BSA content

CCDNIHR, , = CCNIHR - (1 - RNCCTAN ) forhind  (61)
where:
CCDNIHR , = dige}sltible cell content nitrogen intake rate for plant group p in hour 4
(g-h™")
CCNIHR = = cell content nitrogen intake for plant group p in hour 4 (g - h")

RNCCTAN = reduction in nitrogen digestibility of cell content due to the presence of
tannins for plant group p on day 4 (proportion reduction)

Digestible N in cell wall intake is released during digestion of the cell wall dry matter (see Eq. 7):

CWDNIHRP, )= CWNIHRP) . PC\Y/DIGP, 4 for hind (62)

where:
CWDNIHR = digestible cell wall nitrogen intake rate for plant group p in hour / (g - h™)
CWNIHR, = = cell wall nitrogen intake for plant group p in hour 4 (g - h™)
PCWDIG = dry matter digestibility of cell wall for plant group p on day 4 (proportion)

Non-digestible N intake is calculated as:
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NDNIHRP, )= CCNIHRP) ,+ CWNIHRP’ o= CCDNIHRP’ p= CWDNIHRP) ) (63)

where:
NDNIHR = non-digestible nitrogen intake for plant group p in hour / (g - h'')
CCNIHRP = cell content nitrogen intake for plant group p in hour 4 (g - h')
CWNIHR = cell wall nitrogen intake for plant group p in hour 4 (g- h")
CCDNIHR = digestible cell content nitrogen intake rate for plant group p in hour /
(g-h)
CWDNIHR = digestible cell wall nitrogen intake rate for plant group p in hour / (g - h™)

Bypass, undegradable and degradable nitrogen intake
A portion of the cell content nitrogen intake can bypass the rumen (Table 4). This portion is
calculated as:

BYNIHR , = CCDNIHR , - PCCIBY, , forhind  (64)

where:
BYNIHR = = bypass nitrogen intake rate for plant group p in hour / (g - h")
CCDNIHR | = digestible cell content nitrogen intake rate for plant group p in hour /
(g-h-")
PCCIBY, , = user-specified proportion of cell content dry matter intake that is bypass
for plant group p on day d (proportion)

Although most of the water-soluble leaf protein in spring forage is readily fermentable (Van
Soest, 1982 p242), a variable proportion of cell content N is not degradable by the rumen micro-
biota (ARC, 1980; Van Soest, 1982). Thus, after accounting for bypass N, the remaining intake of
digestible cell contents N is divided into degradable and undegradable protein-N intake. For each
dietary type this split will vary seasonally.

Degradable cell content N is calculated as:

DPNIHRPJ )= PDEGPJ . (CCDNIHRP, = BYNIHRP) ) for hind (65)

where:

DPNIHR | = degradable protein-nitrogen intake for plant group p in hour / (g - h'')

PDEG , user-specified nitrogen degradability of plant group p in day 4 (proportion)

CCDNIHR’ = dlgestlble cell content nitrogen intake rate for plant group p in hour 4
(g~ h)

BYNIHR , = bypass nitrogen intake rate for plant group p in hour / (g - h")
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Undegradable cell contents N is calculated as:

UPNIHR , = CCDNIHR , - BYNIHR , - DPNIHR | (66)
J2 » » b

where:
UPNIHR = undegradable protein-nitrogen intake for plant group p in hour / (g - h™)
CCDNIHR = digestible cell content nitrogen intake rate for plant group p in hour /4
(g-h™")
BYNIHR = = bypass nitrogen intake rate for plant group p in hour 4 (g - h)
DPNIHR = degradable protein-nitrogen intake for plant group p in hour 4 (g- h)

Microbial nitrogen intake
The size of the microbial N pool is constrained according to the amount of digestible organic mat-

ter in the rumen and the ruminal intakes of degradable protein-N plus inorganic N. The generally
accepted generation of microbial protein and biomass from organic matter is used in the model
(Walker ez al., 1975; ARC, 1980; Preston & Leng, 1987; NRC, 2007), namely 1 kg organic mat-
ter fermented produces 32 g microbial nitrogen and 325 g microbial biomass. To allow estimation
of volatile fatty acid and CH, production the following stoichiometry is assumed (Preston and
Leng, 1987): 1 kg organic matter containing 6.25 mole glucose (MW = 160) is fermented to give
rise to 5.25 mole acetic acid, 1.5 mole propionic acid, 0.75 mole butyric acid, 2.375 mole CH,
and 325 g microbial cells (32 g N).

The limit on size of the microbial N pool each hour due to the availability of digestible organic
matter is calculated as:

MCDOMMX, = 3, (CCPOOLHR , + CWPOOLHR )-PDOM -PMCDOM (67)
where:
MCDOMMX, = maximum size of microbial nitrogen pool based on the availability of

dry organic matter in the rumen in hour 4 (g)
CCPOOLHR = actual digestible cell content pool for plant group p at the end of

hour 4 (g)
CWPOOLHR ;= actual digestible cell wall pool for plant group p at the end of hour / (g)
PDOM = proportion of the digestible material that is dry organic matter
(proportion) — by default this value is set to 0.88 (Van Soest, 1982)
PMCDOM = ratio of microbial nitrogen to dry organic matter in the rumen

(proportion - h™') — by default this value is set to 0.032
(ARC, 1980 p127)
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Limit on size of the microbial nitrogen pool due to the availability of nitrogen intake is
calculated as:

MCNIMX, = ¥, (MCNPLHR ,  + DPNIHR , + NPNIHR ) (68)
where:
MCNIMX, = maximum size of microbial nitrogen pool based on the availability of

nitrogen intake in hour 4 (g)
MCNPLHR , | = microbial nitrogen pool for plant group p at the end of the previous
hour 4-1 (g)
DPNIHR | = degradable protein-nitrogen intake for plant group p in hour / (g - h™)
NPNIHRP) ) = non-protein nitrogen intake for plant group p in hour 4 (g - h™)

Proportion of the available N intake that enters the microbial N pool is calculated as:

PMCNI, = Minimum { MCDOMMX, , MCNIMX, } / MCNIMX, (69)
where:
PMCNI, = proportion of available nitrogen intake that enters the microbial

nitrogen pool in hour 4 (proportion)
MCDOMMX, = maximum size of the microbial nitrogen pool based on the availability
of dry organic matter in the rumen in hour 4 (g)
maximum size of the microbial nitrogen pool based on the availability
of nitrogen intake in hour 4 (g)

MCNIMX,

Nitrogen rumen pool sizes prior to passage

Actual nitrogen rumen pool sizes, prior to digestion and passage each hour, are updated as follows:

UPNPRIOR = UPNPLHR + UPNIHR (70)
)2 ph-1 b
where:
UPNPRIOR , = rumen undegradable protein nitrogen pool for plant group p in

hour 4, prior to the current hour’s absorption and passage (g)

UPNPLHR = rumen undegradable protein nitrogen pool for plant group p at the
end of the previous hour 4-1 (g)
UPNIHR = undegradable protein-nitrogen intake for plant group p in hour

h(g-h")
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DPNPRIOR , = DPNPLHR , , + (DPNIHR , - (1 ~ PMCNI,)) (71)
where:

DPNPRIOR ;= rumen degradable protein nitrogen pool for plant group p in hour 5,
prior to the current hour’s absorption and passage (g)

DPNPLHR ;= rumen degradable protein nitrogen pool for plant group p at the end
of the previous hour 4-1 (g)

DPNIHR |~ = degradable protein-nitrogen intake for plant group p in hour 4 (g - h™)
PMCNI, = proportion of available nitrogen intake that enters the microbial
nitrogen pool in hour 4 (proportion)
CWNPRIOR , = CWNPLHR ,, + CWDNIHR , (72)
where:

CWNPRIOR = rumen digestible cell wall nitrogen pool for plant group p in hour 4,
prior to the current hour’s absorption and passage (g)
CWNPLHR , = = rumen digestible cell wall nitrogen pool for plant group p at the end
1 g gen p plant group p
of the previous hour 4-1 (g)

CWDNIHR = = digestible cell wall nitrogen intake rate for plant group p in hour /
(g-h")
MCNPRIOR , = MCNPLHR +(PMCNI - (DPNIHR , + NPNIHR )) (73)
where:
MCNPRIOR = rumen microbial nitrogen pool for plant group p in hour 4, prior to the

current hour’s absorption and passage (g)
MCNPLHR | | = rumen microbial nitrogen pool for plant group p at the end of the
previous hour -1 (g)

PMCNIL , = proportion of available nitrogen intake that enters the microbial
nitrogenpool in hour /4 (proportion)
DPNIHR , = degradable protein-nitrogen intake for plant group p in hour 4 (g - h™')
NPNIHRP’ , = non-protein nitrogen intake for plant group p in hour 4 (g - h")
NDNPRIOR , = NDNPLHR ,  + NDNIHR , (74)
where:
NDNPRIOR ;= rumen non-digestible nitrogen pool for plant group p in hour 4, prior

to the current hour’s absorption and passage (g)

rumen non-digestible nitrogen pool for plant group p at the end of
the previous hour 4-1 (g)

non-digestible nitrogen intake for plant group p in hour 4 (g - h™)

NDNPLHR
poh-1

NDNIHR
b
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Metabolizable nitrogen

Metabolizable nitrogen obtained each hour through passage to and absorption from the small
intestine is calculated for bypass and each of the digestible rumen N pools based on average ab-
sorption values for amino acids in proteins (ARC, 1980 130) as follows:

BYMNIHRM = BYNIHRM - PBYN (75)
where:
BYMNIHR = = metabolizable nitrogen intake obtained from bypass for plant
group p in hour 4 (g- h)
BYNIHRP) ) = bypass nitrogen intake for plant group p in hour 4 (g- h)
PBYN = user-specified proportion of bypass nitrogen that can be absorbed

(proportion) — by default set to 0.73 (ARC, 1980 p130)
UPMNIHRM = UPNPRIORM . KPCCd- PUPN (76)

where:
UPMNIHR, = = metabolizable nitrogen intake obtained from undegradable protein
nitrogen for plant group p in hour 4 (g- h)
UPNPRIOR - = undegradable protein nitrogen pool for plant group p in hour 4, prior
to the current hour’s digestion and passage (g)

KPCC, = user-specified hourly passage rate of cell content on day &
(proportion - h')
PUPN = user-specified proportion of undegradable protein nitrogen that can be

absorbed (proportion) — by default set to 0.73 (ARC, 1980 p130)
DPMNIHRN7 = DPNPRIORM . KPCCd- PDPN (77)

where:
DPMNIHR | = metabolizable nitrogen intake obtained from degradable protein
nitrogen for plant group p in hour / (g- h)
DPNPRIOR | = degradable protein nitrogen pool for plant group p in hour 4, prior
to the current hour’s digestion and passage (g)

KPCC, = user-specified hourly passage rate of cell content on day &
(proportion - h')
PDPN = user-specified proportion of degradable protein nitrogen that can be

absorbed (proportion) — by default set to 0.73 (ARC, 1980 p130)
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C\WMNIHRP’ )= C\X/NPRIORP‘ , KPCW - PCWN (78)

where:

CWMNIHR = = metabolizable nitrogen intake obtained from digestible cell wall for
plant group p in hour 4 (g - h')

CWNPRIOR = digestible cell wall nitrogen pool for plant group p in hour 4, prior to
the current hour’s digestion and passage (g)

KPCW = user-specified hourly passage rate of cell wall on day & (proportion - h')

PCWN = user-specified proportion of cell wall nitrogen that can be converted to
microbial protein nitrogen (proportion) — by default set to 1.0
(ARC, 1980 p128)

MCMNIHR , = MCNPRIOR, , - KPCC, - PMCN (79)
where:
MCMNIHRP) , = metabolizable nitrogen intake obtained from microbial nitrogen for

plant group p in hour 4 (g - h)
MCNPRIOR - = microbial nitrogen pool for plant group p in hour 4, prior to the
current hour’s digestion and passage (g)

KPCC, = user-specified hourly passage rate of cell content on day &
(proportion - h')
PMCN = user-specified proportion of microbial nitrogen that can be absorbed

(proportion) — by default set to 0.70 (ARC, 1980 p129)

Total metabolizable N intake is then calculated each hour as:

MNIHRM = BYMNIHRM + UPMNIHRM + DPMNIHRM + CWMNIHRM + (80)
MCMNIHR |
where:
MNIHR ;= total hourly metabolizable nitrogen intake for plant group p in
hour 4 (g- h')
BYMNIHR , = metabolizable nitrogen intake obtained from bypass for plant group p

in hour 4 (g - h™)

UPMNIHR ;| = metabolizable nitrogen intake obtained from undegradable protein
nitrogen for plant group p in hour 4 (g- h™)

DPMNIHR = metabolizable nitrogen intake obtained from degradable protein
nitrogen for plant group p in hour 4 (g- h™)

CWMNIHRP’ , = metabolizable nitrogen intake obtained from digestible cell wall for
plant group p in hour 4 (g- h')

MCMNIHRP) , = metabolizable nitrogen intake obtained from microbial nitrogen for

plant group p in hour 4 (g- h')
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Nitrogen rumen pool sizes after passage
Sizes of rumen pools of N are all updated to reflect the current hour’s passage:

UPNPLHRPJ7 = UPNPRIORM -(1-KPCC) for hind (81)
where:
UPNPLHR = = undegradable nitrogen pool for plant group p at the end of hour 4 (g)

UPNPRIOR = undegradable protein nitrogen pool for plant group p in hour 4, prior
to the current hour’s absorption and passage (g)

KPCC, = user-specified hourly passage rate of cell content on day &
(proportion - h')

DPNPLHR , = DPNPRIOR , - (1 - KPCC)) for hin d (82)
where:
DPNPLHR = = degradable nitrogen pool for plant group p at the end of hour 4 (g)

DPNPRIOR = degradable protein nitrogen pool for plant group p in hour 4, prior
to the current hour’s absorption and passage (g)

KPCC, = user-specified hourly passage rate of cell content on day &
(proportion - h')

CWNPLHR , = CWNPRIOR, - (1 - KPCW,) for hin d (83)

where:
CWNPLHR = = degradable nitrogen pool for plant group p at the end of hour 4 (g)
CWNPRIOR = degradable protein nitrogen pool for plant group p in hour 4, prior to
the current hour’s absorption and passage (g)

KPCW, = user-specified hourly passage rate of cell wall on day & (proportion - h')
MCNPLHR , - MCNPRIOR - (1 - KPCC,) for hin d (84)
where:

MCNPLHR = = rumen microbial nitrogen pool for plant group p at the end of hour 4 (g)

MCNPRIOR

rumen microbial nitrogen pool for plant group p in hour 4, prior
to the current hour’s absorption and passage (g)

KPCC, = user-specified hourly passage rate of cell content on day &
(proportion - h')
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NDNPLHRM = NDNPRIORM “(1- KPNDM) for hind (85)

where:
NDNPLHR | = rumen non-digestible nitrogen pool for plant group p at the end of
hour 4 (g)
NDNPRIOR = non-digestible nitrogen pool for plant group p in hour 4, prior to
the current hour’s passage (g)
KPND = hourly passage rate of non-digestible material for plant group p on

day d (proportion - h")

Fecal nitrogen loss
Fecal N loss each hour contributed by each rumen pool is calculated as the portion of
the N that passes into the intestine but is not absorbed by the animal, viz:

BYNFECHR , = BYNIHR - (1 - PBYN) (86)
where:
BYNFECHR , = fecal nitrogen loss from bypass for plant group p in hour / (g - h)

BYNIHR , bypass nitrogen intake for plant group p in hour 4 (g - h™')
PBYN = user-specified proportion of bypass nitrogen that can be absorbed (pro-
portion) — by default set to 0.73 (ARC, 1980 p130)

UPNFECHRP’ )= UPNPRIORP, ,- KPCC,- (1 - PUPN) (87)

where:
UPNFECHR , = fecal nitrogen loss from undegradable protein nitrogen for plant
group in hour 4 (g - h)

UPNPRIOR | = undegradable protein nitrogen pool for plant group p in hour 4,
b
prior to the current hour’s digestion and passage (g)
KPCC, = user-specified hourly passage rate of cell content on day 4
(proportion - h')
PUPN = user-specified proportion of undegradable protein nitrogen that can

be absorbed (proportion) — by default set to 0.73 (ARC, 1980 p130)
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DPNFECHRM = DPNPRIORM -KPCC,- (1 - PDPN) (88)

where:

DPNFECHRP, ,

fecal nitrogen loss from degradable protein nitrogen for plant
group p in hour 4 (g- h)

DPNPRIOR = = degradable protein nitrogen pool for plant group p in hour 4,
prior to the current hour’s digestion and passage (g)

KPCC, = user-specified hourly passage rate of cell content on day &
(proportion - h')
PDPN = user-specified proportion of degradable protein nitrogen that can be

absorbed (proportion) — by default set to 0.73 (ARC, 1980 p130)

CWNFECHRP’ )= CWNPRIORP’ , KPCW - (1 -PCWN) (89)

where:

CWNFECHR , = fecal nitrogen loss from digestible cell wall nitrogen for plant
group p in hour 4 (g- h)

CWNPRIOR = digestible cell wall nitrogen pool for plant group p in hour 4, prior
to the current hour’s digestion and passage (g)

KPCW user-specified hourly passage rate of cell wall on day 4 (proportion - h')

PCWN = user-specified proportion of cell wall nitrogen that can be absorbed
(proportion) — by default set to 0.73 (ARC, 1980 p130)

MCNFECHR , = MCNPRIOR - KPCC, - (1 — PMCN) (90)

where:
MCNFECHR ;= fecal nitrogen loss from microbial nitrogen for plant group p in
hour 4 (g - h)
MCNPRIOR = microbial nitrogen pool for plant group p in hour 4, prior to the
current hour’s digestion and passage (g)

KPCC, = user-specified hourly passage rate of cell content on day &
(proportion - h')
PMCN = user-specified proportion of microbial nitrogen that can be

absorbed (proportion) — by default set to 0.70 (ARC, 1980 p130)
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NDNFECHRP, )= NDNPRIORP, .~ KPNDP’ 4 forhind 91)

where:
NDNFECHR | = fecal nitrogen loss from non-digestible material for plant group
pinhour h (g-h?)

NDNPRIOR = = non-digestible nitrogen pool for plant group p in hour 4, prior to the
current hour’s passage (g)
KPND , = hourly passage rate of non-digestible material for plant group p on

day 4 (proportion - h™')

Total fecal nitrogen loss each hour attributable to forage digestion is calculated as:

NFECHR -BYNFECHR +UPNFECHR +DPNFECHR +C\X/NFECHR L+ 92)
MCNFECHR +NDNFECHR

where:
NFECHR = = total fecal nitrogen loss for plant group p in hour /4 (g - h™)
BYNFECHRP = fecal nitrogen loss from bypass for plant group p in hour /4 (g - h™")

UPNFECHR = fecal nitrogen loss from undegradable protein nitrogen for plant group
in hour 4 (g - h™)
DPNFECHR , = fecal nitrogen loss from degradable protein nitrogen for plant group p in

hour /4 (g- h)
CWNFECHR = fecal nitrogen loss from digestible cell wall nitrogen for plant group p in
hour /4 (g- h)
MCNFECHR = iecal I;litlgogen loss from microbial nitrogen for plant group p in hour
(g-hr

NDNFECHR , = fecal nitrogcn loss from non-digestible material for plant group p in hour
h(g-h')- NFECHR , does not include the contribution made by

endogenous fecal loss

Urinary nitrogen loss from non-protein nitrogen
One component of the hourly urinary N loss for the animal is the portion of the non-protein N
intake that does not contribute to the rumen microbial nitrogen pool. This loss is calculated as:

NPNURNHRM = NPNIHRM - (1 -PMCNI,) (93)

where:

NPNURNHR = urinary nitrogen loss from non-protein nitrogen intake for plant
group in hour 4 (g - h™)
non-protein nitrogen intake for plant group p in hour 4 (g - h™)
proportion of available nitrogen intake that enters the microbial
nitrogen pool in hour 4 (proportion)

NPNIHR
PMCNI,
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Additional Indicators

A number of additional indicators are calculated by the model:

Daily forage intake

FI ,=3,(DFIHR , + NDFIHR ) for hin d (94)
where:
FI , = daily forage intake for plant group p (g - day™)
DFIHR | = digestible forage intake for plant group p in hour 4 (g - h™)

NDFIHPR}L , = non-digestible forage intake for plant group p in hour 4 (g - h™)

Daily metabolizable energy intake

MEIp)d =2, (MEIHRp,/ﬂ) for hind (95)
where:

MEI . = daily metabolizable energy intake for plant group p (kJ - day™)

MEIHR , = metabolizable energy intake for plant group p in hour /4 (k] - h')

Daily metabolizable nitrogen intake

MNIL =3, (MNIHR ) for hin d (96)
where:
MNIL , = daily metabolizable nitrogen intake for plant group p (g - day™)
MNIHR , = metabolizable nitrogen intake for plant group p in hour 4 (g - h™)

Daily forage rumen pools

End-of-day values for the forage rumen pools:
CCPOOL,, = CCPOOLHR , . forhind 97)
where:

CCPOOL , = digestible cell content pool for plant group p at the end of day 4 (g)
CCPOOLHR = digestible cell content pool for plant group p at the end of hour #=24 (g)
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CWPOOL, ,= CWPOOLHR , . for hin d (98)

where:
CWPOOL , = digestible cell wall pool for plant group p at the end of day 4 (g)
CWPOOLHR = digestible cell wall pool for plant group p at the end of hour /=24 (g)

NDPOOL, ,= NDPOOLHR , for hind 99)
where:
NDPOOL, , = non-digestible pool for plant group p at the end of day 4 (g)

NDPOOLHR = non-digestible pool for plant group p at the end of hour /=24 (g)

Total end-of-day rumen content

WTRUM, - ¥, (CCPOOL ,+ CWPOOL ,+ NDPOOL, ) forhind  (100)
where:
WTRUM, = total dry weight of rumen contents at the end of day  (g)

CCPOOL = digestible cell content pool for plant group p at the end of day 4 (g)
CWPOOL digestible cell wall pool for plant group p at the end of day 4 (g)
NDPOOL non-digestible pool for plant group p at the end of day 4 (g)

Allocation Submodel

Retention and use of body components depend not only on supply and demand, but also on
evolved seasonal changes in the propensity to fatten (Larsen ez al., 1985), to replace and retain
body protein, to regulate fat draw-down in winter (Larsen ez al., 1985), to retain reserves for
spring migration (Bergerud ez al., 2008), and to conserve fat and protein reserves for gestation
(Tyler, 1987) and lactation (White & Luick, 1984; Tyler & Blix, 1990; Gerhart ez al., 1996a;
1996b). Thus, allocation of metabolizable energy and metabolizable N to maintenance, activity
and retention as fat and protein, and the mobilization of reserves to meet demand, are achieved
through a hierarchal process depending on the physiological condition of the modeled animal and
evolved intrinsic drivers.

What constitutes maintenance requirements for the free-ranging wildlife species is not easily
defined (Osuji, 1974; Webster, 1979). Therefore, we have chosen to use an Allocation submodel
that is based on a hierarchical allocation of metabolizable energy and metabolizable N. The user
can determine which functions are considered maintenance and which are production. For exam-
ple, is summer coat growth requirement a maintenance or production function? If coat growth
must be at a determined rate, then it could be considered a summer maintenance requirement
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and must be placed high in the allocation hierarchy. However, if it can be shown that coat growth
rate is related to protein availability, then it would be placed lower in the allocation hierarchy. The
model default is a high allocation priority.

Many regulated processes in nutritional physiology are timed by photoperiod and season (e.g.
appetite (McEwan & Whitehead, 1970; Peltier ez al., 2003)), coat shedding, antler regrowth
(Suttie & Simpson, 1985), rutting activity (Suttie & Simpson, 1985); thus Julian date can be a
decision point to express a change in mechanisms. For instance, production/growth of hair and
underwool of the animal is a summer function that is so high in priority it is timed by photo-
period. Simulating energy and protein costs of hosting internal parasites, timing of infestation
etc., is based on Julian date.

Because the animal must move to forage, and avoid predators and parasites, activity costs are
given a high hierarchal position. An implication of high hierarchy is that energy might be with-
drawn from fat reserves to meet activity costs. In summer, replenishing protein lost during winter
is high in hierarchy (Russell ez a/., 1996; Barboza ez al., 2009). For modeling purposes the amount
of protein mobilized and restored annually is termed the “labile (mobilizable) protein reserve”.
Allocation of metabolizable and net protein to the mobilizable reserve could result in a decrease
in milk synthesis if protein intake cannot meet requirements for deposition and lactation (White,
1983). Projecting target daily requirements for energy and protein, and then estimating whether
or not daily intakes of net energy and net protein-N can meet the targets, is used to determine
actual daily energy and protein costs of gestation and lactation. Where necessary a drawdown
from reserves can occur to meet targets. When drawdown cannot meet targets of fetal growth rate,
or level of milk production, then fetal growth rates and milk production are reduced accordingly
from the target rates. Thus, birth weight is variable and is a product of maternal body condition
entering winter as well as metabolizable energy and protein intake throughout winter. Milk pro-
duction can be highly variable and have direct effects on calf growth due to pre-calving maternal
reserves, followed by plane of nutrition and activity costs during the calving and post calving peri-
od. In addition, milk production can cease if requirements cannot be met. Five weaning strategies
have been documented (Russell ez 2/, 1996; 2000; Russell & White 2000) for caribou and have
been supported in a previous version of the model (Russell ¢z 4/., 2005). In the model weaning
is related to the interaction of intake with body protein and fat reserves at key points during the
summer, autumn and early winter (Russell ez a/., 1996; 1998), and probabilities of terminating
lactation are determined at these dates (Figs. 10 and 12).

Updating pregnancy and lactation status of a cow, as the cow moves from day to day in the
model, can be modeled in two ways: “user-controlled”, where the user explicitly specifies when
changes in pregnancy and lactation occur; and “modeled”, where the model calculates these
changes. When “user-controlled” is selected, the user specifies whether or not the cow will become
pregnant each year of the model run; similarly, the user also specifies the subsequent wean date
of the calf each year. When “modeled” is selected, the model predicts changes in pregnancy and
lactation status of the cow each year based upon the weight and composition (fat and protein
reserves) of the cow and calf at various times of the summer and fall. Reproductive strategies
represented in the model, when the changes in reproductive status are “modeled”, are shown in

Figure 10 (Russell ez al., 1996; 2000; Reimers 1983b; Gerhart ez al., 1997; Pritchard ez al., 1999;
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Russell & White, 2000). The model determines whether or not the cow becomes pregnant each
year based upon whether or not she has reached a threshold minimum body weight or fat weight
in the fall (Cameron ez al., 1993; Cameron & Ver Hoef 1994; Gerhart ez al., 1997). Similarly, the
model determines the weaning strategy, based upon whether or not the calf and/or cow reach a
series of weight- related thresholds through the spring, summer and fall (Russell ez 2/., 2005). Thus
the model is a rational framework to project the relation of summer weight gain on reproduc-
tion (Cameron & White, 1996; Cameron ez al., 1993) and calf survival and to simulate breeding
pauses (Cameron, 1994; Cameron & Ver Hoef, 1994).

cows
cow fall \
fat weight
pregnant
calf sprins\A
weight gain
post-natal
lactators
COwW summer
protein gain
summer
lactators
calf fall weight
A A 4 A 4
barren post-natal summer early normal extended
mortality weaners weaners weaners lactators

Figure 10. Weaning strategies of caribou simulated in the ALLOCATION SUB-MODEL

In late summer, the propensity to divert energy to fattening rather than protein deposition is
well established (Larsen e al., 1985) and is captured in the hierarchical decision process. At the
lower level of hierarchy are requirements for antler growth, protein deposition in excess of sum-
mer deposition and general levels of fat deposition. As fat and protein are added and removed
the body weight and composition are updated to provide indices to compare with field data (e.g.
Parker, 1981; Adamczewski ez al., 1987b; Gerhart ez al., 1996b; Kofinas ez al., 2002; 2003; Lyver
& Gunn, 2004) and to verify that the modeling process remains credible.

The purpose of the ALLOCATION SUB-MODEL is to estimate body weights and composi-
tions of caribou and reindeer on a daily time-step. The model first calculates energy and N require-
ments of the animal each day; these requirements are determined for each of several “allocation
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Figure 11. Daily allocation of nitrogen and energy in the model, showing the default

order of priority for each allocation stage

insufficient energy and/or N is available on a particular day to meet the requirements of all the

allocation stages, then the requirements of each stage are met in order of priority (Fig. 11).
Energy and N available from intake (i.e. MEI and MNI) are the first priority source each day. If
the N and/or energy available from intake is insufficient to meet the requirements of all stages,
additional N and/or energy is catabolized from body protein and/or fat reserves. If excess N and/

or energy is available from intake, then protein and/or fat is deposited. The model allows users

to specify efficiencies in use of energy and N for each allocation stage, depending on the source

of the energy (i.e. forage intake or body reserves) — these efficiencies, in turn, are used to calcu-
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late the heat production and metabolic N losses each day.

Because the first step of the ALLOCATION sub-model is to estimate energy and protein re-
quirements of the modeled animal, the use of values from NRC (2007) could be used because
these were estimated based on published data on wild ruminants including Rangifer. However,
because the model deals with individuals, not all values in the NRC publication are directly appli-
cable and we have used values from the literature in addition to those in NRC (2007) to formulate
some default estimates. For most model variables the user can substitute a value into the model.
A function of published recommended requirements, whether from Robbins (1993), the NRC
(NRC, 2007 300-307), Barboza ez al. (2009) or the literature, is that they can be used to check
model output when simulating unusual and unique scenarios.

Within the ALLOCATION sub-model we assumed that dietary MNI, i.e. that N absorbed
as amino acids, is used with differential efficiencies depending on allocation to maintenance and
growth in the hierarchy outline above and Fig. 11 (NRC, 2007: Table 4). The efliciency of use
of metabolic N (MN) from mobilized body protein is assumed to be 1.0. Inefficiencies of MN
use are combined to give the estimate of urinary N loss (NRC, 2007). Likewise, we assumed that
dietary MEI is used to meet maintenance and production requirements with efficiencies (Table 4)
less than 1.0 (ARC, 1980; Robbins, 1993; NRC, 2007), and an efficiency approaching or at 1.0
for ME resulting from mobilized reserves. Combined inefliciencies of use of ME represent energy
lost in the heat increment of feeding (HIF).

Maintenance requirements for energy and N include those that maintain life process plus those
that meet activity, parasite burden, coat growth in summer and skin sloughing (scurf) in winter.
Over and above these requirements, intake is then allocated to production requirements such
as summer protein deposition, gestation, lactation, antler production, additional deposition of
protein and fat as a part of growth and seasonal cyclical body condition regain. Figure 11 shows
the general flow of N and energy within the ALLOCATION sub-model. Given that energetically
costly events such as seasonal migration are essential for survival it is argued that the activity budg-
et should be allocated to the maintenance cost (Robbins, 1993 312). However, some components
of the activity budget, such as that attributable to insect harassment, are ephemeral and highly
dynamic, and these costs therefore could be considered above normal maintenance. Even when
not included as a maintenance cost, activity costs are at the top of the allocation hierarchy (Fig.
11). Thus, under some circumstances activity patterns can exact a cost to fattening and protein
deposition as proposed by Reimers (1980; 1983a). The model does not simulate a feedback loop
to lower activity in response to depletion of reserves; rather an estimate is made of probability of
survival as reserves are depleted. The user can game with this aspect of the activity budget to test
hypotheses about such a feedback.

Of special concerns are pregnancy and lactation. Balancing intakes with requirements through-
out the year is used to simulate fetal growth including uterine tissues (the conceptus, or gravid
uterus, Robbins & Moen, 1975) and birth weight followed by milk production and calf growth
to weaning. The animal’s body weight and condition are updated daily based on an energy and N
balance. To meet fluctuating daily MEI and MNI in relation to gestation and lactational require-
ments, reserves of energy as fat and N as body protein are available for mobilization (Taillon ez 4/,
2013). Where target requirements for fetal growth and lactation cannot be met by dietary MEI
and/or dietary MNI plus those from mobilization from reserves, the actual growth rate of the fetus
or the daily amount of milk produced is reduced.
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Mobilization of energy and N from body reserves depends on the absolute amount of fat and
body protein minus a minimal fat and protein reserve. The user can set both reserves. Default
value for the minimal fat reserve (3% bodyweight, Eq. 147) is based on measured and predicted
fat remaining in carcasses of adults presumed to have died from starvation (Gerhart ez /., 1996b).
An absolute default value for body protein of 13.5 kg dry protein (2.2 kg N, Eq. 142) is proposed
based on the minimal body protein of a caribou/reindeer female that is required to maintain a
50% probability of being pregnant (April body weight 68 kg, Thomas, 1982; Bergerud ez al.,
2008 p258). However, a further 1 kg protein (0.16 kg N) is used to initiate lactation resulting in
a minimum body protein reserve of 12.5 kg. In addition, the user can set the maximum daily rate
of drawdown of fat and protein. Default values of 250 g - day™! for fat and 40 g - day™ protein (6.5
gN - day) are based on maximum loss of fat reserve of Svalbard reindeer (Reimers ez al., 1982)
and Coats Island caribou (Adamczewski ez a/., 1987b). Drawdown of protein reserves by caribou
is calculated from the George River (Huot, 1989) and Porcupine (Gerhart e a/., 1996b) herds. If
energy and N balances require mobilization from the minimal reserves, then drawdown rates are
minimized and gestation or lactation is terminated to prevent unrealistic reduction of reserves.
The likelihood that fetal growth will be limited or that gestation might be terminated is depend-
ent on the level of reserves entering winter. In some Rangifer studies the labile protein reserve can
be 5-6 kg (26-32% of November protein reserve; calculated from Gerhart ez al., 1996b; Chan-
McLeod ez al., 1999) and a combined body weight reserve of 10-14 kg representing 17-21% of
the reserve at weaning (calculated from Taillon ez 4l., 2011 for the George and Leaf River herds).
Based on the amount of protein lost overwinter, approximately 16-21% is captured by the fetus
and 27-36% by concepta (White ez al., 2013b). Birth weights represent 42-53% of body weight
loss during gestation (calculated from Gerhart ez al., 1996b; Taillon ez al., 2011; White ez al.,
2013b). Fetal protein is mainly gained from maternal protein (91-96%, Barboza & Parker, 2008)
as opposed to dietary protein even on rations sufficiently high in protein to allow protein deposi-
tion over winter (Barboza & Parker, 2006).

Fetus and concepta target growth curves were taken from Roine ez /. (1982), but modified by
input from larger data sets from Skogland (1984b), Reimers (2002) and Bergerud ez a/. (2008
188). Although in white-tailed deer mean fetal weight as a fraction of gravid uterus weight in-
creases from 0.21 at gestation age 100 day to 0.58 at day 190 (Robbins and Moen, 1975 686),
a default value of 0.55 is used in the model for Rangifer. A tight linearity exists in fetal weight
gain over conception age between 120 and 190 days (fetus weight range 2.6-3.8 kg at day 190).
Major differences in gain occur from day 190 to birth (weight range 4-8 kg) where birth was be-
tween 227 to 233 days (Bergerud ez al., 2008). Although gestation duration may vary in relation
to female age and condition it also could vary to enhance synchrony of calving (Adams & Dale,
1988b). Because genetic and other factors also affect duration, gestation length can vary between
211 and 235 days (Ropstad, 2000; Mysterud ez a/., 2009; Muuttoranta et al., 2013) in Scandina-
via and between 203 and 240 days (Rowell & Shipka, 2009) in Alaska, the user can simulate this
variation by adjusting gestation length or dates of conception and birth date.

Fetal growth rates in the final trimester vary from a high of 113 g - d"! for birth weights of ap-
proximately 7.5 kg, a median of 83 g - d for birth weights about 6.5 kg (Bergerud ez al., 2008)
and a low of 15-30 g - d"! when many calves die at birth and birth weight of surviving calves is ap-
proximately 4.1 kg (Couturier ¢z al., 1996). High to median fetal growth rates are associated with
a negative maternal protein balance of ~25 g - d! (Barboza & Parker, 2006). Because most fetal
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protein is derived from maternal protein, the rate of protein mobilization is set at 26 g - d'. Actual
birth weights thus reflect maternal reserves entering winter and overwinter nutrition. However,
the user also can set a target birth weight. The default birth weight is 6.5 kg, which represents that
for females of the Porcupine Caribou Herd during a period of population growth (Whitten ez /.,
1992; Whitten, 1996; Griffith ez al., 2002). In simulating energy costs of gestation the efficiency
of use of ME (KEINT in Table 4; kg in NRC, 2007) is only 0.13 because it takes into account
the maintenance energy requirements of the conceptus (ARC, 1980; NRC, 2007). As gestation
progresses a check on energy and N contents of the gravid uterus expressed as a fraction of fetus
weight at parturition can be made using relations for caribou established by Robbins & Moen
(1975 689). Likewise, at any gestation date energy and N gain by the uterus and contents as a
fraction of fetal weight at parturition can be compared with model predictions of daily energy and
N deposition using estimates made for caribou by Robbins & Moen (1975 689).

Milk production in reindeer and caribou is highly variable based on experimental measure-
ments (Varo & Varo, 1971; White & Luick, 1984) and inference from calf growth rates (Rognmo
et al., 1983; Griffith ez al., 2002). In order to simulate energy and N requirements, a target milk
production curve is described based on female caribou given optimal grazing and supplemental
feeding (Parker ez al., 1990). A near maximum milk production is associated with a negative ma-
ternal protein balance of 25 g - d! based on data calculated from Barboza & Parker (2006) (see
White ez al., 2013b). This protein mobilization rate is equivalent to that in the last trimester of
gestation. In early lactation 88-91% of milk protein-N is derived from maternal protein-N (Tail-
lon et al., 2013). Nutrient content of milk is based on trends related to days post-calving (Luick
et al., 1974; Rognmo ez al., 1983; White et al., 2000), but also is adjusted for level of milk pro-
duction (White & Luick, 1984). Over summer, calf growth rates are simulated assuming growth
rate is related to milk intake (White & Luick, 1984; White, 1992). These algorithms are based on
milk intake of calves reared with their dams on a wide range of nutritional treatments imposed
by grazing intensity and supplemental feeding. These studies show that the slope and elevation
of regression lines between calf growth rate and milk intake differ with calf age between birth-3
week, 3-6 week and > 6 week. The changes reflect the increase in importance of the calf’s develop-
ing rumen in meeting maintenance energy and N requirements (White & Luick, 1984; White,
1992; Chan-McLeod ez al., 1994).

Weaning date also is variable in caribou and Russell ez /. (1996; 2000) and Russell & White
(2000) report five time periods for calf loss or weaning (Fig. 10 and 12). These calf losses include
non-predator induced loss on the calving ground, summer weaning, early weaning, normal wean-
ing and extended lactation to the end of winter (Cuyler ez al., 2012). Weaning date can be set by
the user for dates other than the default date of mid- October or can be decided by the model
based on the decision tree in Figure 12 as summarized from Russell & White (2000) and Russell ez
al. (2000). When lactation is extended beyond normal weaning, a daily milk production of 6.9 ml
- kg7 (-190 ml for 85 kg female) is assumed based on data from muskoxen undergoing extended
lactation (R. G. White, unpub. observations).
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Table 4. Summary of proportional use of metabolizable protein-N (MN) and metabolizable energy
(ME) for use and deposition by Allocation Stage in the ALLOCATION SUB-MODEL. Efficien-
cies are variable because of diet type and quality and/or the body reserve (protein, fat)

in the simulation

Allocation Stage KNIT: N KNPRO: N | KEINT: Ene | KEPRO: KEFAT: Ene
from intake | from protein | from intake | Ene from fat
(propn) (propn) (propn) from protein | (propn)
(propn)
Activity 0.75 1 0.7 0.84 0.65
Add. Protein Dep. 0.75 1 0.47 1 0.84
Antlers 0.25 0.6 0.25 0.84 0.65
Base 0.75 0.67 0.7 0.84 0.65
Fat Deposition 1 1 0.47 1 1
Gestation 0.7 0.95 0.16 0.84 0.84
Lactation 0.68 0.95 0.63 0.84 0.84
Parasites 0.7 0.7 0.8 0.84 0.8
Summer Coat 0.6 0.5 0.18 0.84 0.8
Summer Protein Dep. 0.75 1 0.45 1 0.84
Winter Scurf 0.6 0.95 0.47 0.84 0.8

KNIT: Efficiency in use of dietary MN for maintenance (kpm), hair/fiber (kpf),
pregnancy/gestation (kppreg) and lactation (kpl) (see NRC, 2007)

KNPRO: Efficiency in use of N derived from mobilized body protein tissue (t) for
maintenance (kpm_ ) hair/fiber (kpf_t), pregnancy/gestation (kppmg_t) and lactation (kpl_[)
(see NRC, 2007)

KEINT: Efficiency in use of dietary ME (ene) for maintenance (k ), hair/fiber (k), preg-
nancy/gestation (kpmg) and lactation (k) (see NRC, 2007)

KEPRO: Efficiency in use of energy (ene) from mobilized protein tissue (t) for main-
tenance (k_ ), hair/fiber (k, ), pregnancy/gestation (kpmg_[) and lactation (k) (see NRC,
2007)

KEFAT: Efficiency in use of energy (ene) derived from mobilized body fat tissue (t) for
maintenance (k ), hair/fiber (k,), lactation/gestation (kpreg-[) and lactation (k) (see

NRC, 2007)
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Figure 12. Summary of calf losses and associated correlates of calf or condition related performance of the
dam. Data from the Porcupine Caribou Herd (Gerhart, 1995; Gerhart ez al., 1996b) and summarized by
Russell ez 2. (1991; 2000) and Russell & White (2000)

Although antlers appear to have a high priority for growth, especially in males where they contrib-
ute to reproductive success (Bergerud ez al., 2008), priority in females is balanced against require-
ments for lactation and replenishment of body condition in early summer. Even though energy
and protein requirements for antler growth are small compared with other costs (Moen & Pastor,
1998), in variable and extreme environments, such as reindeer ranges in Norway and Svalbard
(Reimers, 1993; Jacobson ez al., 1998) and North American caribou of Newfoundland and the
George River herd (Bergerud ez al., 2008), antler size in females can be highly variable. Incidence
of antlerless is variable, due to a genetic component to antlerlessness in females but also due to
nutrition. The relative balance in cause is not known (Cronin et a/., 2003). Thus, female reindeer
and caribou may not grow antlers in some years and may delay antler growth perhaps in pace with
delayed age of first breeding. Because of the minimal energy and protein costs of antler growth,
we hypothesize that mineral limitation, particularly calcium and phosphorus, may be regulating
antler growth. This is particularly the case for females attempting to maintain lactation under con-
ditions of mineral limitation combined with insufficient body reserves to meet both lactation and
antler growth. Setting priority for nutrients to grow antlers when mineral intake is not represented
in the model presents a challenge to realistic simulation of antler growth. The user can set antler
characteristics when the default is not used. Because it is highly unlikely that nutrient allocation
is an all or none process, we prioritize energy and nitrogen requirements for lactation over antler
growth (Fig. 11), with a propensity of 80:1 lactation: antlers in early lactation and closer to 60:1
as requirements for lactation declining following three weeks postpartum.
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Energy and Nitrogen Requirements

Base requirements

Base requirements for energy and protein-N are assumed to reflect basal metabolism (Sibly ez 4/,
2012), plus added costs attributable to field existence and food processing because we are mod-
eling animals in free existence (Osuji, 1974; Hudson & Christopherson, 1985; Robbins, 1993
p312). For pen-fed animals additional costs above basal metabolism are expressed as the basal rate
divided by efficiency in use of consumed metabolizable energy (k , ARC, 1980; NRC, 2007) and
for consumed metabolizable protein-N (kpm, NRC, 2007). Although these estimates are likely to
underestimate maintenance energy and protein-N requirements for free existence, they are never-
theless valuable for comparison with model output.

There is some speculation over whether basal energy metabolism (basal metabolic rate - BMR,
sensu Kleiber, 1975) is responsive to seasonal effects in Rangifer (Nilssen er al., 1984; Feist &
White, 1989; Tyler & Blix, 1990). For modeling we have assumed that BMR is constant year-
round at 293 kJ - kg7 d!, which gives a classic maintenance requirement of a sedentary animal
in winter of 493 kJ - kg®”°- d"'and 560 kJ - kg7 d! for reindeer and caribou respectively, using
an efficiency in use of ME in forage (q_, ARC, 1980) of 0.59 for reindeer and of 0.52 for caribou.
To these estimates must be added those for moving through and foraging through snow. Likewise,
basic requirement for N is assumed to be that associated with BMR and is given by endogenous
urinary N loss (121 mgN - kg7 d!, NRC, 2007) plus metabolic fecal N produced with a basal
fecal output of ~15 gDM - kg7 d"!, which is equivalent to 326 mgN - kg*”>- d! for caribou and
reindeer (NRC, 2007). For a 75 kg animal this amounts to 11.4 gN - d™'. Black & Griffiths (1975)
show the dynamic nature of interdependence of energy and N requirements for growth in lambs
and the ratio of N to energy requirement approximates 1 gN - MJ" in the growing animal but is
lower for adults at maintenance.

As season exerts an effect on maintenance energy and protein requirements (Feist & White,
1989; Tyler & Blix, 1990) we calculate classic summer maintenance requirements for energy (660
k] - kg®7>-d"') and N (-484 mgN - kg®7*- d') by adding seasonal production of hair-wool produc-
tion (50 kJ - kg®”° - d'! and 54 mgN - kg®”>- d') plus support of parasite burdens (5-15% MER
[-99 k] - kg®7> - d'] and 20% MNR [-65 mgNkg?”* - d'], NRC, 2007) and antler growth (Moen
& Pastor, 1998: 18 k] - kg®”> - d' and 50 mgN - kg7 - d"! for females and 88 k] - kg’ - d"! and
145 mgN - kg®7 - d"! for males, NRC, 2007). These estimates give a N/energy ratio of ~0.73 gN
- MJ! for maintenance in summer and these estimates are the bases of setting target metabolic
energy and N requirements to initiate a model run.

Daily energy requirement for basal metabolism is calculated as a function of the metabolic
weight of the animal:

ERBASE, = EBMRCO - WTEMPTY,, 07 (101)
where:
ERBASE, = net energy requirement for basal metabolism on day & (k] - day™)
EBMRCO = coeflicient for calculating basal metabolic rate (k] - kg®” - day™):
by default set to 293
WTEMPTY ,, = empty body weight on previous day 4-1 (kg)

0.75

scaling of cow weight to metabolic weight
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Note that this energy requirement for basal metabolism includes energy associated with endog-
enous urinary N loss and fecal N loss.

Total base requirement for N each day is calculated based upon the previous day’s metabolic fecal
N and endogenous urinary N losses:

NRBASE, = MEN, + EUN_ (102)
where:
NRBASE, = base net nitrogen requirement on day 4 (g - day™')

MEFN = daily fecal nitrogen loss on previous day 4-1 (g - day™)
EUN daily endogenous urinary nitrogen loss on previous day -1 (g - day™)

d-1

Summer coat production

Daily net N requirement for summer coat production is calculated as (NRC, 2007 p97):

NRCOAT , = NCOATCO - WTBODY, > if STDAYCT <= d <= ENDAYCT  (103)

=0 otherwise

where:

NRCOAT, = daily nitrogen requirement for summer coat production on day
d (g - day?)

NCOATCO = user-specified coeflicient converting body weight to daily
metabolizable nitrogen requirement for coat production
(g~ kg7 - day"') — by default set to 0.054 g - kg®”
- day”" (NRC, 2007 p97)

WTBODY ,, = body weight of animal on previous day 4-1 (kg)

STDAYCT = user-specified start day of the period during which summer coat
production occurs (Julian day)

ENDAYCT = user-specified end day of the period during which summer coat
production occurs (Julian day)

Energy requirement associated with summer coat production is calculated as:

ERCOAT ,= NRCOAT - ECONPRO / NCONPRO if STDAYCT <=d <= ENDAYCT (104)

=0 otherwise

where:
ERCOAT, = daily energy requirement for summer coat production on day & (k] - day™)
NRCOAT, = daily nitrogen requirement for summer coat production on day 4 (g - day™)
ECONPRO = user-specified energy content of dry protein (k] - g) — by default this is
set to 23.6 kJ - g (Robbins, 1993 p10)
NCONPRO = user-specified nitrogen content of dry protein (proportion) — by default
the value is 0.16 (Robbins, 1993 p17)
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Winter scurf production
Net N requirement for winter scurf production is calculated as:

NRSCRF, = NSCRFCO - WTBODY,, °¢ if STDAYSC <= d <= ENDAYSC ~ (105)

=0 otherwise

where:
NRSCRF, = daily nitrogen requirement for winter scurf production on day 4 (g - day™')
NSCREFCO = user-specified coeflicient converting body weight to daily nitrogen
requirement for winter scurf production (g - kg®¢ - day™) — by default,
set to 5.3 - 10* g - kg?¢ - day! (NRC, 2007 p97)
WTBODY = body weight of animal on previous day 4-1 (kg)

STDAYSC = user-specified start day of the period during which winter scurf
production occurs (Julian day)
ENDAYSC = user-specified end day of the period during which winter scurf

production occurs (Julian day)

Energy requirement associated with winter scurf production is calculated as:

ERSCRF , = NRSCREF ;- ECONPRO / NCONPRO if STDAYSC <= 4 <= ENDAYSC (106)

=0 otherwise
where:
ERSCRF, = daily energy requirement for winter scurf production on day 4 (k] - day™)
NRSCRF, = daily nitrogen requirement for winter scurf production on day 4 (g - day™')

ECONPRO = user-specified energy content of dry protein (k] - g") — by default
this is set to 23.6 k] - g') (Robbins, 1993 p10)

NCONPRO = user-specified nitrogen content of dry protein (proportion) — by default
the value is 0.16 (Robbins, 1993 p17)

Animal activity

Following initiation of a model run based on target energy and N requirement, the actual daily en-
ergy requirement is calculated from activity above lying and is determined from the animal’s activ-
ity budget and body weight. Activities recognized by the model include foraging, lying, standing,
walking and running, with foraging further divided into eating, pawing and other. Energy costs
of these activities have been documented for reindeer and caribou (White & Yousef, 1978; Luick
& White, 1985; Fancy & White, 1985b; 1987; Fancy, 1986) and the factorial integration used to
estimate daily energy cost compares favorably with a study of reindeer (Gotaas ez /., 2000). Mod-
eled daily costs also can be compared with other estimates of total energy expenditure measure
with the doubly labelled water technique (Fancy ez al., 1986; Parker ez al., 1990; Haggarty et al.,
1998; Gotaas ez al., 2000; Haggarty, 2000).
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Added cost of locomotion in snow
Before calculating costs of each activity, the model calculates snow depth and the cow’s sinking

depth in the snow to determine added cost of locomotion in snow (Fancy & White, 1985a; 1987):

SINKDEP, = SDPROP - SNODEP, (107)

where:
SINKDEP, = animal’s sinking depth in the snow on Julian day & (cm)
SDPROP user-specified proportion of the snow depth to which the cow sinks

(proportion)
SNODEP, = user-specified snow depth on day & (cm)

Added cost of locomotion in snow is determined as follows (Fancy & White, 1985a,b;
Fancy 1986) — sce Figure 13:

SNOWX, =1 + 0.0241623 - ¢35 - SINKDEF, 1.587) (108)
where:
SNOWX, = change in energy requirement associated with locomotion in snow on

Julian day 4 (proportion)
SINKDEP, = animal’s sinking depth in the snow on Julian day & (cm)

SNOWKX (propn.)

0 1b 20 3b 4‘0 56 60
SINKDEP (cm)

Figure 13. Relationship between the proportional increase in energy requirement associ-

ated with locomotion (SNOWX) and the animal’s sinking depth in snow (SINKDEP)
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Energy requirements of activity

ERSTD, = PSTD,,- HRESTD - WTBODY, - 24 (109)
where:
ERSTD, = energy requirement of standing on day 4 (k] - day!)

PSTD, user-specified proportion of day 4 spent standing (proportion)
HRESTD = user-specified hourly energy requirement of standing (k] - kg'' - h™')

WTBODY,, = weight of the animal on previous day 4-1 (kg)
24 = hours in a day (h - day ')
ERRUN,, = PRUN, - SNOWX,, - HRERUN - WTBODY,, - 24 (110)
where:
ERRUN, = energy requirement of running on day & (kJ - day™)
PRUN, = user-specified proportion of day & spent running (proportion)
SNOWX, = change in requirement associated with locomotion in snow on day &
(unitless)
HRERUN = user-specified hourly energy requirement of running (k] - kg - h")
WTBODY,, = weight of the animal on previous day 4-1 (kg)
24 = hours in a day (h - day™)
ERPAW , = PFOR - PEORPAW ,- HREPAW - WTBODY, , - 24 (111)
where:
ERPAW , = energy requirement of pawing on day 4 (k] - day™)
PFOR, = user-specified proportion of day 4 spent foraging (proportion)
PFORPAW , = user-specified proportion of foraging period spent pawing on
day 4 (proportion)
HREPAW = user-specified hourly energy requirement of pawing (kJ - kg - h')
WTBODY,, = weight of the animal on previous day 4-1 (kg)
24 = hours in a day (h - day™)
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ERWLK = (PWLK ,+ (PFOR - (1 - PEOREAT ,— PEORPAW ))) - SNOWX | (112)
-HREWLK - WTBODY, - 24

where:

ERWLK, = energy requirement of walking on day & (k] - day™)

PWLK, = user-specified proportion of day & spent walking (proportion)

PFOR, = user-specified proportion of day d spent foraging (proportion)

PFOREAT, = user-specified proportion of foraging period spent eating on day &
(proportion)

PFORPAW , = user-specified proportion of foraging period spent pawing on day 4
(proportion)

SNOWX, = change in requirement associated with locomotion in snow on day 4
(unitless)

HREWLK = user-specified hourly energy requirement of walking (kJ - kg - h')

WTBODY,, = weight of the animal on previous day 4-1 (kg)

24 = hours in a day (h - day™)

EREAT , = (PFOR - PEOREAT - HRESTD - WTBODY, - 24) (113)
where:

EREAT, = energy requirement of eating on day  (kJ - day™)

PFOR, = user-specified proportion of day  spent foraging (proportion)

PFOREAT, = user-specified proportion of foraging period spent eating on day &
(proportion)

HRESTD = user-specified hourly energy requirement of walking (k] - kg - h')

WTBODY,, = weight of the animal on previous day 4-1 (kg)

24 = hours in a day (h - day™)

Total energy requirement of activity (i.e. above lying) is then calculated as:
ERACT, = ERSTD, + ERRUN,, + ERPAW, + ERWLK , + EREAT, (114)

where:
ERACT, = energy requirement of activity (including lying) on day & (k] - day™)
ERSTD, = energy requirement of standing on day # (k] - day™')
ERRUN, = energy requirement of running on day & (k] - day)
ERPAW , = energy requirement of pawing on day & (k] - day™)
ERWLK, = energy requirement of walking on day & (k] - day™)
EREAT, =energy requirement of eating on day 4 (k] - day™')
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Summer Protein Deposition
A new aspect of modeling protein metabolism is inclusion of a “labile (mobilizable) protein re-
serve” in Rangifer (Huot, 1989; Allaye-Chan, 1991; Gerhart ez al., 1996b; Russell & White, 2000;
Barboza & Parker, 2006; 2008; Barboza ez al., 2009). This proposed lability of reserves is probably
adaptive (Fauchald ez @/, 2004). Evidence is based on the way a newly lactating female allocates
her reserves when nutrition is limiting. Evidence includes limitation of milk production in favor
to body condition (White, 1983; White & Luick, 1984), early weaning and a nutritionally based
weaning strategy (Fig. 12), the way females regain body weight and protein reserves to meet
targets (Cameron & White, 1996; Russell ez a/., 2000) and the finding that most fetal protein is
derived from maternal protein (Barboza & Parker, 2006; Barboza ez al., 2009). We have termed
a female that weans a calf prematurely, or reduces milk production, in order to protect protein
reserves a “selfish cow” (Russell ez a/., 1996; 2000; 2005; Russell & White, 2000); the “selfish cow”
strategy also is reported for bighorn sheep (Ovis canadensis, Festa-Bianchet & Jorgenson, 1998),
evidence suggesting a reproductive strategy of large mammals in the wild.

Nitrogen requirement for the “selfish cow” protein deposition each year is calculated as a func-
tion of the user-set target protein gain for each day during the summer period:

NRSUM = PTARSUM - NCONPRO  if STDAYSUM <= 4 <= ENDAYSUM (115)
=0 otherwise
where:
NRSUM, = daily nitrogen requirement for summer protein deposition on

day d (g - day™)

PTARSUM = user-specified target summer protein deposition (g - day™)

NCONPRO = user-specified nitrogen content of dry protein (proportion) — by default
the value is 0.16 (Robbins, 1993 p17)

STDAYSUM = user-specified start day of the period during which summer protein

deposition occurs (Julian day)
ENDAYSUM = user-specified end day of the period during which summer protein
deposition occurs (Julian day)

Corresponding energy required in order to deposit this protein is calculated as:
ERSUM,, = NRSUM, - (ECONPRO / NCONPRO) (116)

where:
ERSUM, = daily energy requirement for summer protein deposition on day  (kJ - day™')
NRSUM, = daily nitrogen requirement for summer protein deposition on day 4 (g - day™)
ECONPRO = user-specified energy content of dry protein (k] - g") — by default this is
set to 23.6 kJ - g (Robbins, 1993 p10)
NCONPRO = user-specified nitrogen content of dry protein (proportion) —
by default the value is 0.16 (Robbins,1993 p17)
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Gestation

The following section describes the calculations incorporated in the model regarding gestation.

Target fetus weight
The model first calculates how many days the animal has been pregnant:

DAYSGES = 4 — STDAYGES + 1 if STDAYGES <= 4 <= ENDAYGES (117)
DAYSGES =0 otherwise
where:

DAYSGES, = days the animal has been pregnant on day 4 (days)
STDAYGES = user-specified start day of gestation period (Julian day)
ENDAYGES = user-specified end day of gestation period (Julian day)

This is then used to calculate the daily maximum fetus weight for reindeer (Roine ez a/., 1982):

MAXWTFET , =0 if DAYSGES ,= 0 (118)
=1.075 if 1 <= DAYSGESd <=25
MAXWTEFET, = (0.00036 - DAYSGES ?) + (0.053 - DAYSGES ?) - (1.58 - DAYSGES )
- 0.000096 if 26 < DAYSGES , < 76
MAXWTEFET ,= (6.05254 - 10* - DAYSGES ,“) - (3.06828 - 10° - DAYSGES ) (119)
+(0.05719 - DAYSGES;) - (0.44743 - DAYSGESd) + 64.152 otherwise
where:

MAXWTEFET , = maximum fetus weight for reindeer on Julian day 4 (g)
DAYSGES, = number of days, on day d, the cow has been pregnant (days)

Equations above for target fetus weight were developed for reindeer. To convert results to caribou
and to allow for variation in fetal growth, an algorithm that linked fetal weight (y, kg) predicted
at gestation day 235 according to Bergerud ez al. (2008, y = (0.0487 - x) — 5.653, where x = age of
fetus) is used as a correction factor adapted from Fancy (1986) — see Figure 14:

TWTFET = (MAXWTEET,/ 1000) - (TWTBIR / 2.9) (120)

where:
['WTFET, = target fetus weight on day  (kg)
MAXWTEFET ,= maximum fetus weight for reindeer on day 4 (g)

['WTBIR = user-specified target birth weight of calf (kg) — currently set to 6.5 kg
1000 = conversion coefficient (g - kg™)
5.79 = predicted birth weight of caribou after a gestation period of 235

days (kg, Bergerud ez al., 2008 p188)
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Figure 14. Target fetus weight used in the model compared to estimate from
Roine ez al. (1982) for reindeer and Bergerud e# al. (2008) for caribou as a
function of fetus age

Target growth rate of the fetus can be calculated each day as:
TGRFET = TWTFET, - TWTFET (121)

where:
TGRFET, = target growth rate of fetus on day 4 (kg - day™)
TWTFET, = target fetus weight on day 4 (kg)
TWTFET ,, = target fetus weight on the previous day d' (kg)

Nitrogen required to sustain the target fetus weight is calculated as:
NRFET, = NFETCO - (1 + TGRFET ) - WTFET,, (122)

where:
NRFET, = daily nitrogen requirement for the fetus on day 4 (g - day™)
NFETCO = user-specified coeflicient converting fetus weight to daily nitrogen
requirement (g - kg - day™') — by default, set to 0.63 g - kg - day!
(NRC, 2007 p99)
TGRFET, = target growth rate of fetus on day & (kg - day™)
WTFET,, = actual fetus weight on previous day 4-1 (kg)

Nitrogen requirement for the entire conceptus, also termed gravid uterus, can be calculated
from the fetus requirement as:
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NRGES, = NRFET ,/ PCONFET (123)

where:
NRGES, = daily nitrogen requirement for gestation on day 4 (g - day™)
NRFET,  =daily nitrogen requirement for sustaining the target fetus weight on

day d (g - day™)

PCONEFET = user-specified proportion of the conceptus weight that is the fetus
(proportion) — by default, set to 0.55 (range is 0.21 fetal age 100 to 0.58
near term, Robbins & Moen (1975 p686))

Energy requirements for gestation consist of two components: energy required supporting the
protein portion of the fetus (as calculated previously through the nitrogen requirement for gesta-
tion), and that required depositing fetal fat.

Energy requirement for fetal fat is calculated as:
ERGESFATd = PFETFAT - TGRFETd' ECONFAT (124)

where:

ERGESFAT , = daily energy requirement for the fat component of gestation on
day 4 (k] - day")

PFETFAT = user-specified proportion of the fetus weight that is fat (proportion)
— by default, set to 0.021 (Gerhart ez al., 1996b)

TGRFET, = target growth rate of fetus on day & (kg - d')

ECONFAT = user-specified energy content of fat (k] - g!) — by default this is set to
39.5 k] - g (Robbins, 1993 p10)

Total energy requirement for the fetus is then calculated as:
ERFETd = (NRFETd' (ECONPRO / NCONPRO)) + ERGESFATd (125)

where:

ERFET, = daily energy requirement for the fetus on day 4 (kJ - day™)

NRFET, = daily nitrogen requirement for the fetus on day & (g - day™)

ECONPRO = user-specified energy content of dry protein (k] - g") — by default
this is set to 23.6 k] - g (ARC, 1980 p3; Robbins, 1993 p10)

NCONPRO = user-specified nitrogen content of dry protein (proportion) — by
default the value is 0.16 (Robbins, 1993 p17)

ERGESFAT , = daily energy requirement for the fat component of gestation on
day 4 (k] - day")

The corresponding total energy requirement for gestation (i.e. the requirement for the entire
conceptus) can be calculated from the fetus requirement as:
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ERGES, = ERFET ,/ PCONFET (126)

where:
ERGES, = daily energy requirement for gestation on day  (kJ - day™)
ERFET, = daily energy requirement for the fetus on day 4 (k] - day™)
PCONFET = user-specified proportion of the conceptus weight that is the fetus
(proportion) — by default, set to 0.55 (range is 0.21 fetal age 100 to
0.58 near term, Robbins & Moen (1975 p686))
Lactation

The following section outlines the steps and equations incorporated in the model regarding lac-
tation.

Target milk production

The model first calculates how many days the animal has been lactating:

DAYSLAC, =d-STDAYLAC if STDAYLAC <= d <= ENDAYLAC (127)
=0 otherwise
where:
DAYSLAC, = age of the calf on day & (days)

STDAYLAC = user-specified start day of lactation period (Julian day)
ENDAYLAC = user-specified end day of lactation period (Julian day)

The target milk production for the cow is calculated each day during lactation as a function of the
age of the calf (White & Luick, 1984; Parker ez al., 1990) — see Figure 15:

TMLKPR, = 0 if DAYSLAC-0  (128)
TMLKPR, = 0.731 if DAYSLAC - 1
TMLKPR, = 1.91 if DAYSLAC ~ 2

TMLKPR, = 1.606 - %2 - DAYSLAC, + 0.374 - ¢°%'7 - DAYSLAC, if DAYSLAC, > 2

where:
TMLKPR, = target milk production on day 4 (1 - day™)
DAYSLAC, = age of the calf on day 4 (days)
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Figure 15. Relationship between the target milk production (TMLKPR) and the age of
the calf (DAYSLAC)

This target milk production can also be expressed on a per unit weight basis as:

TMLKPRWT = (TMLKPR - 1000) / WTBODY (129)
where:
TMLKPRWT , = target milk production per unit weight on day 4 (ml - kg™ - day™)
TMLKPR, = target milk production on day 4 (1 - day™)
WTBODY,, = body weight of animal on previous day 4-1 (kg)
1000 = coeflicient for converting from liters to mililiters (ml - 1)

Protein content of milk each day is estimated as a function of the target milk production
(White & Luick, 1984; NRC, 2007 100):

PCONMLK, =0.14 - (0.0034 - TMLKPRWT ) (130)

where:
PCONMLK, = protein content of milk (proportion)
TMLKPRWT , = target milk production per unit weight on day & (ml - kg - day™)

Net N requirement for lactation is calculated for each day during lactation as a function of the
target milk production and the protein content of the milk:
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NRLAC, = TMLKPR, - 1000 - PCONMLK ,- NCONPRO (131)

where:
NRLAC, = net nitrogen requirement for lactation on day 4 (g - day™)
TMLKPR, = target milk production on day 4 (1 - day™)
1000 = coeflicient for converting from liters to ml (ml - I'")
PCONMLK, = protein content of milk on day 4 (proportion)

NCONPRO = user-specified nitrogen content of dry protein (proportion) —
by default the value is 0.16 (Robbins, 1993 p17)

Energy content of milk each day is estimated as a function of the target milk production (Parker
et al., 1990):

ECONMLK, = 12.24 - (0.00323 - TMLKPR - 1000) (132)
where:
ECONMLK, = energy content of milk on day (k] - ml")
TMLKPR, = target milk production on day 4 (I - day™')
1000 = coefficient for converting from liters to mililiters (ml - I'")

The corresponding energy requirement associated with lactation can then be calculated as:

ERLAC, = TMLKPR - 1000 - ECONMILK, (133)
where:
ERLAC, = net energy requirement for lactation on day 4 (k] - day™)
TMLKPR, = target milk production on day 4 (1 - day™)
1000 = coeflicient for converting from liters to ml (ml - I'")
ECONMLK, = energy content of milk on day (k] - ml")
Antler Production

Allocation of N and energy to antler growth is based on the simulation model of Moen & Pas-
tor (1998). Currently this aspect of the model grows antlers at the rates used by Moen & Pastor
(1998) based on the body weight of the animal, or production can be turned off at the discre-
tion of the user.

Daily net N requirement for antler production is calculated as:
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NRANTL = NANTLCO - WTBODY , °” if STDAYAN <= 4 <= ENDAYAN (134)
=0 otherwise
where:
NRANTL, daily nitrogen requirement for antler production on day 4 (g - day™)
NANTLCO = user-specified coeflicient converting body weight to daily nitrogen
requirement for antler production (g - kg’ - day") — by default
set t0 0.02 g - kg®7> - day! for cows and 0.105 g - kg®”° - day!
for bulls (Moen & Pastor, 1998; NRC, 2007)

WTBODY,, = body weight of animal on previous day 4-1 (kg)

STDAYAN = user-specified start day of the period during which antler production
occurs (Julian day)

ENDAYAN = user-specified end day of the period during which antler production

occurs (Julian day)

Daily net energy requirement for antler production is calculated as:

ERANTL = EANTLCO - WTBODY , 7 if STDAYAN <= 4 <= ENDAYAN (135)
=0 otherwise
where:
ERANTL, = daily energy requirement for antler production and skin (i.e. scurf)

loss on day 4 (k] - day™)
EANTLCO = user-specified coefficient converting body weight to daily energy
requirement for antler production (g - kg’ - day') — by default
set to 18 kJ - kg7 - day! for cows and 88 kJ - kg®”° - day™! for
bulls (Moen & Pastor, 1998; NRC, 2007)
WTBODY body weight of animal on previous day 4-1 (kg)
STDAYAN = user-specified start day of the period during which antler production
occurs (Julian day)
user-specified end day of the period during which antler production
occurs (Julian day)

ENDAYAN

Additional Protein Deposition

Independent of the N reserve of the “selfish cow” the animal deposits protein and energy as N
and energy becomes available in excess of requirements, and this set of algorithms are important
to simulate daily increases in body weight and condition.

NRPDEP, = PROMOBRT - NCONPRO (136)
where:
NRPDEP, = daily nitrogen requirement for additional protein deposition on day &

(g-day”)

PROMOBRT = user-specified maximum rate at which protein can be mobilized
(g - day) — by default this value is 40 g - day™
NCONPRO = user-specified nitrogen content of dry protein (proportion) — by

default the value is 0.16 (Robbins, 1993 p17)
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The corresponding energy required to deposit this protein is calculated as:

ERPDEP , = NRPDEP - (ECONPRO / NCONPRO) (137)
where:
ERPDEP, = daily energy requirement for the additional protein deposition on

day 4 (k] - day")
NRPDEP, = daily nitrogen requirement for additional protein deposition on
day d (g - day™)

ECONPRO = user-specified energy content of dry protein (k] - g') — by default
this is set to 23.6 k] - g (ARC, 1980 p3; Robbins, 1993 p10)
NCONPRO = user-specified nitrogen content of dry protein (proportion) —
by default the value is 0.16 (Robbins, 1993 p17)
Fat Deposition

Energy required for fat deposition is set according to the upper limit on the amount of fat that
can be mobilized each day.

ERFDEP, = FATMOBRT - ECONPRO (138)
where:
ERPDEP, = daily energy requirement for fat deposition on day 4 (k] - day™)

FATMOBRT

user-specified maximum rate at which fat can be mobilized

(g- day') — by default this value is 250 g - day™ (See energy available)
ECONPRO = user-specified energy content of fat (k] - g') — by default

this is set t0 39.3 kJ - g* (ARC, 1980 p3)

Finally, no N is required to deposit fat:

NRFDEP, =0 (139)
where:
NRPDEP, = daily nitrogen requirement for fat deposition on day 4 (g - day™)

Availability and Use of Energy and Nitrogen

When energy and protein requirements are calculated (see Energy and Nitrogen Requirements
and Animal Activity), the next step is to allocate available energy and protein to attempt to meet
those requirements. Thus, for each day of a simulation the model calculates N and energy avail-
able to the animal for each specific allocation stage — this availability is a function of both the
day’s intake and the portion of the animal’s fat and protein stores that is potentially available for
mobilization. Allocation stages represent all of the processes for which N and/or energy are re-
quired each day, ordered by allocation priority (see Table 5). In general, the model distinguishes
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between three sources of available N and energy for each allocation stage: N and energy available
from intake (and not already used by higher priority stages); remaining fat or protein reserves
available to be mobilized in response to the requirements of this particular stage; and incidental
N released, yet not required, through the mobilization of protein reserves to meet the energy
requirements of higher priority stages on the same day.

Table 5. Allocation stages represented in the model, listed in default order of allocation priority,
including the possible pathways through which body reserves can be used to meet each stage’s
N and energy requirements. Note that the order of priority can be set by the user. Mobilization
includes re-deposition and oxidation that meets metabolic requirements

Allocation Stage Body Reserve Pathways
Index | Name Protein Protein Fat Fat
Mobilization | Deposition | Mobilization | Deposition
1 Base Metabolism X X
2 Parasites X X
3 Activity X X
4 Summer Protein Depo- X
sition
5 Gestation X X
6 Lactation X X
7 Antler Production X X
8 Additional Protein Depo- X
sition
9 Fat Deposition X

In general each allocation stage has a maximum N and energy requirement, both of which the
model tries to meet each day (as calculated in the previous section). The model begins each day
by assuming that the total available N and energy can be used first to meet requirements of the
highest priority allocation stage, as shown in Table 5. The model then calculates how much of this
available N and energy is actually used by this first stage, with any remaining N and/or energy
then made available to meet the requirements of the next highest priority stage. This iterative
process of calculating availability and use of both N and energy for each stage continues, in order
of stage priority, with the N and energy available to each stage decreasing in response to use cal-
culated for prior stages.

Nitrogen available

The first source of available N for each allocation stage is any N available from protein reserves
mobilized (but not used) in order to meet energy requirements of higher priority allocation stag-
es that same day. For all but the highest priority stage available N from this source is reduced to
reflect any N used by higher priority stages.
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NAPRORE =0 ifa=1 (140)
NAPRORE, = NAPRORE, , ,— NUPRORE,_, otherwise
where:
NAPRORE , = daily nitrogen available for allocation stage 2 on day 4, as a result
of protein reserves catabolized, but not used, in order to meet
the energy requirements of higher priority allocation stages the
same day (g - day™)
NAPRORE_, , = daily nitrogen available for allocation stage 2-7 on day 4, as a result
of protein reserves catabolized, but not used, in order to meet
the energy requirements of higher priority allocation stages the
same day (g - day™)
NUPRORE = daily nitrogen used by the previous allocation stage 2-7 on day 4,

from protein reserves mobilized, but not used, in order to meet
the energy requirements of higher priority allocation stages the
same day (g - day™)

The next source of N available for each allocation stage is any N available from intake. For the
highest priority stage (i.e. a =1) this available N is set to the total MNI for the day, while for sub-
sequent stages N available from intake is reduced to reflect any N used by higher priority stages.

NAINT, ,= MNI, ifa=1 (141)
NAINT ,= NAINT , - NUINT_, otherwise
where:
NAINT = daily nitrogen available from intake for allocation stage 2 on
day d (g - day™)
MNI, = daily metabolizable nitrogen intake on day 4, as calculated by the
intake submodel (g - day™)
NAINT_,, = daily nitrogen available from intake for allocation stage #-1 on
day d (g - day™)
NUINT _,, = daily nitrogen used from intake by the previous allocation stage

a-1 on day 4 (g - day™)

Finally, the model makes N available from protein reserves for each allocation stage. For N

reserves, maximum protein available to be mobilized is limited by the size of the mobilizable pro-

tein reserve, the maximum rate at which protein can be mobilized, and the minimum weight of
protein (3.5 kg dry protein or 0.56 kg N) in order to support life processes. All body protein in

excess of 3.5 kg is considered a mobilizable protein reserve.

This journal is published under the terms of the Creative Commons Attribution 3.0 Unported License =
85 Eitor n Chit irgita Abman.Techical Edtor Eva Wilund and Graphic Design: Bert Lrsson, wirangieiouralcom L= KM Rangifer, 34, SPCC- Iss. No. 22, 2014


https://creativecommons.org/licenses/by/3.0/

WTPROMIN , = Minimum { (PPROMIN - WTBODYIN), WTPRO ,, } (142)

where:

WTPROMIN,, = minimum allowable body dry protein weight of the animal on
day 4 (kg)
PPROMIN = user-specified minimum proportion of initial body weight that must

be dry protein (proportion) — by default this is set to 0.20
(Gerhart et al., 1996b)
WTBODYIN = initial body weight of animal (kg)

WTPRO, |

dry protein weight of animal on previous day 4-1 (kg)

Next the maximum amount of protein that can be mobilized each day is calculated. It is as-
sumed that the average amount of protein mobilized overwinter by the pregnant female (-5 kg,
Gerhart ef al., 1996b; White ez al., 2013b) over approximately 3 mo. is 40 g - d, but that this rate
could be 4 times higher at the extreme, 200 g - d™'. Actual rate of mobilization of protein at term
gestation is 26 g - d”! based on data of Barboza & Parker (2008).

PMMAX = Minimum { (PROMOBRT, (1000 - (WTPRO ,, - WTPROMIN )) } (143)
where:
PMMAX, = maximum amount of dry protein that can be mobilized on

day d (g - day™)

PROMOBRT = user-specified maximum rate at which protein can be mobilized
(g - day™”) — by default this value is 40 g - day™ (See above)
1000 = coeflicient for converting from kg to g (g - kg)
WTPRO = dry protein weight of animal on previous day 4-1 (kg)
WTPROMIN , = minimum allowable dry protein weight of the animal on day 4 (kg)

Finally the maximum N available to be mobilized from protein reserves is calculated
for each allocation stage as:

NAPRO, ,= PMMAX,- NCONPRO ifa=1 (144)
= NAPRO_, ,—NUPRO_, otherwise
where:
NAPRO , = nitrogen available from protein reserves for allocation stage # on day
d (g- day")
PMMAX, = maximum amount of dry protein that can be mobilized on day
d (g- day”)

NCONPRO = user-specified nitrogen content of dry protein (proportion) — by
default the value is 0.16 (Robbins, 1993 p17)

NAPRO,_,, = nitrogen available from protein reserves for allocation stage 2-1 on day
d (g- day")
NUPRO,_,, = nitrogen used from protein reserves for previous allocation stage -1

on day 4 (g - day™)
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Energy available

Similar to the calculation above for N, the model determines the maximum amount of energy
available to each allocation stage every day.

The first source of available energy for each allocation stage is any energy available from protein
reserves catabolized, in order to meet the N requirements of higher priority allocation stages that
same day. For all but the highest priority stage the available energy from this source is reduced to
reflect any energy used by higher priority stages.

EAPRORE =0 ifa=1 (145)
EAPRORE ,=EAPRORE , —EUPRORE_, otherwise
where:

EAPRORE , = daily energy available for allocation stage 2 on day 4,
as a result of protein reserves catabolized in order to meet the nitrogen
requirements of higher priority allocation stages the same day (k] - day™)
EAPRORE_ |, = daily energy available for allocation stage -1 on day 4,
as a result of protein reserves catabolized in order to meet the nitrogen
requirements of higher priority allocation stages the same day (k] - day™)
EUPRORE |, = daily energy used by the previous allocation stage -1 on day 4, from
protein reserves mobilized, but not used, in order to meet the
nitrogen requirements of higher priority allocation stages the same

day (kJ - day™)

The next source of energy available for each allocation stage is any energy available from intake.
For the highest priority stage (i.e. a =1) this available energy is set to the total MEI for the day,
while for subsequent stages the energy available from intake is reduced to reflect any energy used
by higher priority stages.

EAINT , = MEI, ifa=1 (146)
EAINT , = EAINT , —EUINT otherwise
where:
EAINT , = daily energy available from intake for allocation stage 2 on day 4 (k] - day™)
MEI, = daily metabolizable energy intake on day 4, as calculated by the intake

submodel (k] - day™)
EAINT ,, = daily energy available from intake for allocation stage 4-7 on day 4 (k] - day™)
EUINT ,, = daily energy used from intake by the previous allocation stage -7 on

day d (k] - day™)

The third source of energy is that available from fat reserves. For fat reserves, maximum energy
available to be mobilized is limited by the size of the fat reserve, the maximum rate at which fat
can be mobilized, and the minimum proportion of body weight that must be retained as fat in

This journal is published under the terms of the Creative Commons Attribution 3.0 Unported License =
87 ot chiet Birgitia Ahman, Technical Ecitor Eva Wiklund and Graphic Design: Bertil Larsson, wwwrangiferjournal.com |2 IR Ral‘lglfel’, 34; SPCC- Iss. No. 22, 2014


https://creativecommons.org/licenses/by/3.0/

order to support life processes. Analysis of the fat content of animals apparently starving to death
is approximately 3% of body weight and this is the default value assumed as the minimum (Ger-
hart ez al., 1996b). All fat reserves greater than 3% of body weight are considered to constitute a
mobilizable fat reserve.

First, the minimum allowable fat weight is calculated once each day as:

WTFATMIN , = Minimum { (PFATMIN - WTBODY , ), WTFAT ,, } (147)
where:
WTFATMIN, = minimum allowable fat weight of the animal on day 4 (kg)

PFATMIN = user-specified minimum proportion of body weight that must be fat
(proportion) — by default this is set to 0.03 (Gerhart ez a/., 1996b)

WTBODY body weight of animal on previous day d-1 (kg)

WTFAT = fat weight of animal on previous day -1 (kg)

Next, the amount of fat that can be mobilized each day is calculated. The actual rate of fat mo-
bilization is estimated as that needed to satisfy the energy budget up to a maximum possible that
is set by the user. A default value of 250 g - d' for fat mobilization is estimated from maximum
overwinter fat loss of females of the PCH (Gerhart ez al., 1996b), calculated as 7.0 kg (9.0 kg in
Nov. — 2.0 kg in May) assuming the loss occurred over 1 mo. at the end of winter. If the duration
of loss occurred evenly over the final trimester of pregnancy, then the loss rate is 80 g - d'. A more
general overwinter fat loss is 2.6 kg (White ez a/., 2013b) resulting in a loss rate of 25-90 g - d™' is
based on a time period of 1-3 mo. In late gestation Barboza & Parker (2008) determined that a
female mobilizing protein at 26 g - d™' also mobilizes fat at 8 g - d' (See White ez al., 2013b). Thus,
given this extremely wide range in loss rates, the user has the option of constraining maximum
mobilization below the default value.

FMMAX = Minimum { FATMOBRT, (1000 - (WTFAT ,, — WTFATMIN ))} (148)
where:
FMMAX, = maximum amount of fat that can be catabolized on day 4 (g - day™)

FATMOBRT = user-specified maximum rate at which fat can be mobilized (g - day™)
— by default this is set to 250 g - day™ (See above)

1000 = coefficient for converting from kg to g (g - kg™)

WTFAT = fat weight of animal on previous day d' (kg)

WTFATMIN,, = minimum allowable fat weight of the animal on day 4 (kg)

Maximum metabolizable energy available from the mobilization of fat reserves is then calcu-
lated as:
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EAFAT , = FMMAX - ECONFAT ifa=1 (149)

= EAFAT - EUFAT otherwise
where:
EAFAT,, = energy available from fat reserves for allocation stage 2 on day & (k] - day™')
FMMAX, = maximum amount of fat that can be catabolized on day (g - day™)

ECONFAT = user-specified energy content of fat (k] - g") — by default this is set to

39.3 k] - g (ARC, 1980 p3)

energy available from fat reserves for allocation stage -1 on day & (k] - day™)
energy used from fat reserves for previous allocation stage #-1 on day 4

(kJ - day™")

EAFAT, |
EUFAT,

The final source of energy is that available from protein reserves. Given the previously calcu-
lated maximum for the amount of dry protein that can mobilized each day, the daily maximum
energy available from protein reserves is then calculated as:

EAPRO, ,= PMMAX - ECONPRO ifa=1 (150)
= EAPRO_, ,— EUPRO_, otherwise
where:
EAPRO,, = energy available to be mobilized from protein reserves for allocation stage #

on day 4 (k] - day?)

PMMAX, = maximum amount of dry protein that can be catabolized on day 4 (g -day™)
ECONPRO = user-specified energy content of dry protein (k] - g”) — by default this is

set to 23.6 kJ - ¢! (ARC, 1980 p3)
EAPRO_,, = energy available to be mobilized from protein reserves for allocation stage a-1

on day 4 (kJ - day?)
EUPRO_,, = energy used from protein reserves for previous allocation stage 2- on day

d (k] - day™)

Nitrogen used

Based on the calculations of N required and available for a particular allocation stage, the model
then determines how much N is actually used for this stage. The model distinguishes between
two types of allocation stages: those that involve fat or protein deposition (referred to here as
“deposition” stages), and all others (including gestation). A simplifying assumption in the model
is that, with the exception of fetal growth associated with gestation, on any given day the ani-
mal’s fat reserves cannot be catabolized to support the deposition of body protein; similarly, pro-
tein reserves cannot be catabolized to support the deposition of body fat.

The first source of N used to meet requirements of each non-deposition allocation stage is any
N available from protein reserves mobilized (but not used) in order to meet the energy require-
ments of higher priority allocation stages that same day.
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NUPRORE_,= Minimum { (NR_,/ KNPRO ) , NAPRORE ,} (151)

where:

NUPRORE , = daily nitrogen used for allocation stage 2 on day 4, from protein
reserves mobilized, but not used, in order to meet the energy
requirements of higher priority allocation stages the same day (g - day™)

NR , = daily nitrogen requirement for allocation stage @ on day 4 (g - day™)

KNPRO, = efficiency in use of nitrogen derived from catabolizing body protein
directed towards allocation stage «

NAPRORE , = daily nitrogen available for allocation stage 2 on day 4, as a result of
protein reserves catabolized, but not used, in order to meet the energy
requirements of higher priority allocation stages the same day (g - day™)

The next source of N used by each non-deposition allocation stage is any N available from in-
take. First, the remaining N requirement from intake, after accounting for N used from previously
mobilized protein reserves, is calculated:

NRINT = NR_,— (NUPRORE, ,- KNPRO ) (152)
where:
NRINT,, = daily nitrogen requirement from intake for allocation stage 2 on day
d (g day")
NR | = daily nitrogen requirement for allocation stage @ on day 4 (g - day™)

NUaI))ROREﬂ‘ , =daily nitrogen used for allocation stage # on day 4, from protein reserves
mobilized, but not used, in order to meet the energy requirements of
higher priority allocation stages the same day (g - day™)

KNPRO, = efficiency in use of nitrogen derived from catabolizing body protein and
directed towards allocation stage «

Next N used from intake is calculated:

NUINT, , = Minimum { (NRINT, ,/ KNINT ) , NAINT_} (153)

where:
NUINT , = daily nitrogen used from intake for allocation stage  on day 4 (g - day™)
NRINT, , = daily nitrogen requirement for intake for allocation stage 2 on day 4 (g - day™')
KNINT, = efficiency in use of nitrogen derived from intake and directed towards
allocation stage 2
NAINT , = daily nitrogen available from intake for allocation stage # on day 4 (g - day™')
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The next source of N used by each non-deposition allocation stage is any N available from body
protein reserves. First, the remaining N requirement from body protein reserves, after accounting
for the N used from intake, is calculated:

NRPRO_, = NRINT, ,— (NUINT - KNINT) (154)
where:
NRPRO,, = daily nitrogen requirement from newly catabolized protein reserves for
allocation stage @ on day 4 (g - day™)
NRINT, , = daily nitrogen requirement from intake for allocation stage # on day
d (g - day?)
NUINT, , = daily nitrogen used from intake for allocation stage « on day 4 (g - day™)

KNINT,

efficiency in use of nitrogen derived from intake and directed towards
allocation stage «

Next N used from body protein reserves is calculated:

NUPRO, , = Minimum { (NRPRO ,/ KNPRO ) , NAPRO, ) } (155)

where:

NUPRO, , = daily nitrogen used from newly catabolized protein reserves for allocation
stage 2 on day 4 (g - day™)

NRPRO, , = daily nitrogen requirement from newly catabolized protein reserves for
allocation stage # on day 4 (g - day™)

KNPRO, = efficiency in use of nitrogen derived from catabolizing body protein
and directed towards allocation stage 2

NAPRO, , = nitrogen available from protein reserves for allocation stage 2 on day 4

(g day”)
The only source of N used for protein deposition stages is that available from intake:

NDPRO = (NUINT, ,- KNINT) (156)

where:
NDPRO, , = daily nitrogen deposited to body protein reserves for protein
deposition stage @ on day 4 (g - day™)

NUINT,, = daily nitrogen used from intake for protein deposition stage  on day 4
(g - day™)
KNINT, = efhiciency in use of nitrogen derived from intake and directed towards
protein deposition stage «
Energy used

Similar to calculations above for N, the model determines the amount of energy that is actually
used by each allocation stage. Again, a simplifying assumption in the model is that the animal’s
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protein reserves cannot be catabolized to support the deposition of body fat.

The first source of energy used to meet the requirements of each non-deposition allocation stage

is any energy available from protein reserves catabolized in order to meet the N requirements of
higher priority allocation stages that same day.

EUPRORE_, = Minimum { (ER_,/ KEPRO) , EAPRORE ,} (157)

where:

EUPRORE  , = daily energy used for allocation stage # on day 4, from protein reserves
mobilized, but not used, in order to meet the nitrogen requirements of
higher priority allocation stages the same day (k] - day™)

ER , = daily energy requirement for allocation stage @ on day 4 (k] - day™)

KEPRO, = efficiency in use of energy derived from catabolizing body protein
directed towards allocation stage 4

EAPRORE , = daily energy available for allocation stage # on day 4, as a result of
protein reserves catabolized, but not used, in order to meet the nitrogen
requirements of higher priority allocation stages the same day (k] - day™)

The next source of energy used by each non-deposition allocation stage is that available from
intake. First, the remaining energy requirement from intake, after accounting for the energy used

from previously catabolized protein reserves, is calculated:

ERINT - ER — (EUPRORE_,- KEPRO)

(158)
where:
ERINT, , = daily energy requirement from intake for allocation stage # on day 4
(kJ - day™)
ER , = daily energy requirement for allocation stage 2 on day 4 (k] - day™)

EUPRORE% , =daily energy used for allocation stage « on day 4, from protein reserves
mobilized, but not used, in order to meet the nitrogen requirements of
higher priority allocation stages the same day (k] - day™)

= efficiency in use of energy derived from catabolizing body protein
and directed towards allocation stage «

KEPRO

Next energy used from intake is calculated:
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EUINT = Minimum { (ERINT, ,/ KEINT ) , EAINT  } (159)

where:
EUINT ,= daily energy used from intake for allocation stage « on day 4 (kJ - day™)
ERINT , = daily energy requirement for intake for allocation stage  on day 4 (kJ - day™)
KEINT, = efficiency in use of energy derived from intake and directed towards allocation
stage a
EAINT , = daily energy available from intake for allocation stage  on day 4 (kJ - day™)

The next source of energy used by each non-deposition allocation stage is any energy available
from body fat reserves. First, the remaining energy requirement from body fat reserves, after ac-
counting for the energy used from intake, is calculated:

ERFAT ,= ERINT ,— (EUINT, - KEINT) (160)

where:

ERFAT , = daily energy requirement from newly catabolized fat reserves for
allocation stage @ on day 4 (k] - day™)

ERINT , = daily energy requirement from newly catabolized fat reserves for allocation
stage @ on day 4 (k] - day™)

EUINT , = daily energy used from newly catabolized fat reserves for allocation
stage @ on day 4 (k] - day-1)

KEINT, = efficiency in use of energy derived from catabolizing body fat and
directed towards allocation stage «

EUFAT = Minimum { ((ERFAT ,/ KEFAT ) , EAFAT ) } (161)

where:
EUFAT = energy available from fat reserves for allocation stage 2 on day 4 (k] - day™)
ERFAT , = daily energy requirement from intake for allocation stage 2 on day 4 (kJ - day™)
KEFAT | = efhiciency in use of energy derived from intake and directed towards
allocation stage «
EAFAT  , = daily energy used from intake for allocation stage 2 on day 4 (k] - day™')

The last source of energy used by each non-deposition allocation stage is any energy available

from body protein reserves. First the remaining energy requirement from body protein reserves,
after accounting for the energy used from fat reserves, is calculated:
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ERPRO, ,= ERFAT ,— (EUFAT - KEFAT) (162)

where:

ERPRO, , = daily energy requirement from newly catabolized protein reserves for allocation
stage @ on day 4 (k] - day™)

ERFAT = daily energy requirement from newly catabolized fat reserves for allocation
stage @ on day 4 (k] - day™)

EUFAT = daily energy used from newly catabolized fat reserves for allocation stage
a on day 4 (k] - day™)

KEFAT | = efhiciency in use of energy derived from catabolizing body fat directed
towards allocation stage #

Next the energy used from body protein reserves is calculated:
EUPRO_, = Minimum { (ERPRO_,/ KEPRO ) , EAPRO ) } (163)

where:

EUPRO , = daily energy used from newly catabolized protein reserves for allocation
stage 2 on day 4 (k] - day™)

ERPRO, , = daily energy requirement from newly catabolized protein reserves for
allocation stage @ on day 4 (k] - day™)

KEPRO, = efhiciency in use of energy derived from catabolizing body protein and
directed towards allocation stage #

EAPRO,, = energy available from protein reserves for allocation stage # on day

d (] - day™)

There are two possible sources of energy used for the fat deposition stage: energy available from
protein reserves catabolized (but not used) in order to meet the nitrogen requirements of higher
priority allocation stages and energy available from intake. The energy deposited to body fat re-
serves is thus calculated as:

EDFAT = (EUPRORE_,- KEPRO) + (EUINT, - KEINT) (164)

where:

EDFAT , = daily energy deposited to body fat reserves for fat deposition stage 2 on
day 4 (k] - day")

EUPRORE_ = daily energy used for allocation stage 2 on day 4, from protein reserves
mobilized, but not used, in order to meet the nitrogen requirements of
higher priority allocation stages the same day (k] - day™)

KEPRO, = efficiency in use of energy derived from catabolizing body protein
directed towards allocation stage 2

EUINT , daily energy used from intake for allocation stage 2 on day & (k] - day™)

KEINT, = efficiency in use of energy derived from intake and directed towards
allocation stage «
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The only source of energy used for protein deposotion stages is availble from intake:
EDPRO_,= EUINT - KEINT, (165)

where:
EDPRO, , = daily energy deposited to body protein reserves for the fat deposition
stage « on day 4 (k] - day™)
EUINT,, = daily energy used from intake for allocation stage « on day 4 (k] - day™)
KEINT, efficiency in use of energy derived from intake and directed towards

allocation stage @

Proportion of energy deposited as fat

The final calculation in the allocation of energy is to adjust the proportion of energy deposited as
fat and protein each day. When running the model the user specifies a target for the proportion
of the energy available, over and above the requirements of all non-deposition allocation stages,
which should be deposited as fat — the remainder is deposited as protein (assuming sufficient
nitrogen is also available). Based on calculations in the previous section of how much fat and
protein is used and deposited each day, the model then recalculates the daily change in fat and

protein weight of the animal.

Fat weight

First, the change in energy content of the fat reserves is calculated:

EFATCHG, = 3 (EDFAT, ) - ¥, (EUFAT ) (166)

where:
EFATCHG, = daily change in the energy content of body fat reserves on day 4 (k] - day™)
EDFAT , daily energy deposited to body fat reserves for fat deposition stage 2 on day
d (k] - day™)
EUFAT,, = daily energy used from fat reserves for allocation stage  on day 4 (k] - day™)

This energy content is then converted to a change in fat weight:
WTFATCHG ,= EFATCHG ,/ (ECONEFAT - 1000) (167)

where:
WTFATCHG,, = daily change in the weight of body fat reserves on day 4 (kg - day™)
EFATCHG, = daily change in the energy content of body fat reserves on day 4 (kJ - day™')
ECONFAT = user-specified energy content of fat (k] - g) — by default this is set
t0 39.3 kJ - g' (ARC, 1980 p3)
1000 = conversion coeflicient (g - kg™)

his j | is published under the f th i ib X d Li =
95 This journal is published under the terms of the Creative Commons Attribution 3.0 Unported License o Ranglfel’, 34’ SPCC. ISS. NO. 22’ 2014

Editor in Chief: Birgitta Ahman, Technical Editor Eva Wiklund and Graphic Design: Bertil Larsson, www.rangiferjournal.


https://creativecommons.org/licenses/by/3.0/

Finally, the fat weight of the animal is updated each day:

WTFAT, = WTFAT ,, + WTFATCHG, (168)
where:
WTEFAT, = fat weight of animal at the end of day 4 (kg)

WTFATCHG,

daily change in the weight of body fat reserves on day (kg - day™)

Protein weight

Similarly, the change in N content of the protein reserves is calculated:

NPROCHG, = ¥ (NDPRO, ) - > (NUPRO, ) (169)
where:
NPROCHG, = daily change in the nitrogen content of body protein reserves

onday d (g-day")
NDPRO,, = daily nitrogen deposited to body protein reserves for protein
deposition stage # on day 4 (g - day™)
daily nitrogen used from newly catabolized protein reserves for
allocation stage @ on day 4 (g - day™)

NUPRO

This N content is then converted to a change in protein weight:
WTPROCHG, = NPROCHG,,/ (NCONPRO - 1000) (170)

where:
WTPROCHG, = daily change in the weight of body protein reserves on day 4 (kg - day™)
NPROCHG, = daily change in the nitrogen content of body protein reserves on day

(g-day”)

NCONPRO = user-specified nitrogen content of dry protein (proportion) — by
default the value is 0.16 (Robbins, 1993 p17)
1000 = conversion coefhcient (g - kg™”)

Finally, the protein weight of the animal is updated each day:

WTPRO,= WIPRO,, + WTPROCHG, (171)
where:
WTPRO, = protein weight of animal at the end of day 4 (kg)

WTPRO = protein weight of animal at the end of day & -1 (kg)
WTPROCHG,, = daily change in the weight of body protein reserves on day 4 (kg - day™)
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Additional Indicators

A number of additional indicators are calculated in the model:

Net nitrogen requirement for maintenance

The net (i.e. metabolic) N requirement for maintenance each day is calculated as:

NRMA , = NRBASE,, + NRCOAT, + NRSCRF, + NRPARA, (172)
where:
NRMA, = net nitrogen requirement for maintenance on day (g - day™)
NRBASE, = net base nitrogen requirement on day 4 (g - day™)
NRCOAT, = net nitrogen requirement for coat production on day & (g - day™)
NRSCREF, = net nitrogen requirement for scurf production on day (g - day™)

user-specified net nitrogen requirement for parasites on day (g - day™)

NRPARA,,

Net energy requirement for maintence

ERMA = ERBASE , + ERCOAT , + ERSCRF, + ERPARA,, (173)
where:
ERMA, = net energy requirement of maintenance on day 4 (kJ - day™)

ERBASE, = net base energy requirement on day 4 (k] - day™')
ERCOAT, = daily energy requirement for summer coat production and skin
(i.e. scurf) loss on day 4 (k] - day™)
ERSCRF, = daily energy requirement for winter scurf production on day 4 (k] - day™)
ERPARA, = user-specified net energy requirement for parasites on day  (kJ - day™')

Net energy requirement for a non—productive animal

The net energy requirement for maintenance and activity of a non-productive animal (excluding
antler growth) is calculated as:

ERNP, = ERMA, + ERACT, (174)
where:
ERNP, = net energy requirement of a non-productive animal (excluding antlers)

on day 4 (k] - day™)
ERMA, = net energy requirement of maintenance on day 4 (kJ - day™)
ERACT, = energy requirement of activity (including lying) on day & (k] - day™)
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Muscle weight
WTMUS, = WTPRO, / PMUSPRO (175)

where:
WTMUS, = muscle weight of the animal on day & (kg)
WTPRO, = dry protein weight of the animal on day & (kg)
PMUSPRO = user-specified proportion of muscle weight that is dry protein
(unitless) — by default this is set to 0.29 (van Es 1978)

Water weight

In late winter (April-June) and if the cow is not pregnant, a water conversion mechanism pro-
posed by Cameron ez al. (1975; see also Fancy, 1986) is used where water replaces catabolized
body fat and protein. The water is assumed to be a component of the alimentary tract and most
likely the rumen (Cameron ez al., 1975). This mechanism is not invoked for the pregnant cow.
When the non-pregnant cow catabolizes fat, the weight of fat that is replaced by water is calcu-
lated as follows:

WTWATFAT , = Maximum {-WTFATCHG - PEATWAT, 0} if PREG =1 (176)
=0 otherwise
where:
WTWATFAT , = fat weight that is replaced by water on day 4 (kg)
WTFATCHG, = change in fat weight on day 4 (kg)
PFATWAT = user-specified proportion of fat that is replaced by water (unitless)
— by default this is set to 0.18 (Farrell ez /., 1972)

Similarly, when protein is catabolized in the non-pregnant cow, the muscle weight that is replaced
by water is calculated as:

WTWATMUS , = Maximum {(-WTPROCHG - PMUSWAT / PMUSPRO), 0} (177)
if PREG =1
=0 otherwise
where:

WTWATMUS , = muscle weight that is replaced by water on day 4 (kg)

WTPROCHG, = change in protein weight on day 4 (kg)

PMUSWAT = user-specified proportion of muscle that is replaced by water (unitless)
— by default this is set to 0.71 (van Es 1978)

PMUSPRO = user-specified proportion of muscle weight that is dry protein (uniteless)
— by default this is set to 0.29 (van Es 1978)

This water conversion mechanism only occurs when the animal is not pregnant. The mechanism
is not implemented once the animal is depositing either fat or protein:
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WTWAT , = Maximum {(WTWAT ,  + WTWATFAT , + WTWATMUS ), (178)
(PWATMAX - WTBODY )} if PREG =0
=0 if PREG =0 and
(WTFATCHG, > 0 or
WTPROCHG,, > 0)
= WTWAT ,, otherwise

where:

WTWAT, cow water weight on Julian day 4 (kg)

WTWAT = cow water weight on previous Julian day & (kg)

WTWATFAT fat weight that is replaced by water on day 4 (kg)

WTWATMUS , = muscle weight that is replaced by water on day & (kg)

PWATMAX = user-specified maximum proportion of body water that is due
to muscle and fat catabolism — by default this value is set to 0.15
(Cameron et al., 1975)

WTBODY, = body weight of the animal on Julian day 4 (kg)

Rumen wet weight

Alimentary and rumen contents fill, measured as wet weight, can vary considerably between
seasons (Reimers & Ringberg, 1983; Tyler ez al., 1999), with age (Adamczewski ez al., 1987b;
Knott et al., 2005; Munn & Barboza 2008) and with diet (Cameron ez al., 1975; Staaland et
al., 1979). However, wet weight of rumen-reticulum is highly correlated with alimentary fill
(Reimer & Ringberg, 1983) and as a fraction of total alimentary fill it approximates 0.75 (range
0.70 - 0.85, Staaland ez @/, 1979). Dry matter content of rumen contents also is variable and
although a mean fractional dry matter of 0.166 is the default, the user can adjust the value.
Hence, the model keeps track of rumen dry matter, which is updated to give rumen wet weight
and total alimentary fill.

Wet weight of the rumen is calculated as:

WTRUMWET ,= WTRUM ,/ (PRUMDRY - 1000) (179)
where:
WTRUMWET , = weight of wet forage in the rumen at the end of day 4 (kg)
WTRUM, = total rumen contents at the end of day 4 (g)
PRUMDRY = user-specified ratio of dry to wet rumen contents (proportion) — by
default this value is set to 0.166 (Staaland ez 2/, 1984)
1000 = coeflicient for converting from kg to g (g - kg)
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Gut content weight
Weight of the cow’s gut contents is then calculated as:

WTGUT,= WTRUMWET ,/ PRUMGUT (180)
where:
WTGUT, = weight of the gut contents at the end of Julian day 4 (kg)
WTRUMWET , = weight of wet forage in the rumen at the end of Julian day 4 (kg)
PRUMGUT = user-specified ratio of weight of wet rumen contents to the total gut

weight (proportion) — by default this value is set to 0.75
(Staaland ez 2/, 1979).

Calf weight

Target calf growth rates are calculated from the following age specific equations relating growth
to milk production (White & Luick, 1984; Parker e a/., 1990; White, 1992):

TGRCALF = (TMLKPR ;- 1000) — 653) / (2.79 - 1000)  if DAYSLAC <= 21 (181)
=TMLKPR,/3.13 if 21< DAYSLAC , <= 42
= TMLKPR, /2 otherwise

where:

TGRCALF, = target calf growth rate on Julian day & (kg - day™)
TMLKPR, = target milk production on day 4 (1 - day™)
1000 = conversion coefficient (ml - I')

DAYSLAC, = age of the calf on day 4 (days)

This target calf growth rate is then converted into a target calf weight:
['WTCALF = WTCALF , + TGRCALF, (182)

where:
TWTCALF, = target calf weight on Julian day & (kg)
WTCALF | = calf weight at the end of the previous Julian day 4-1 (kg)
TGRCALF, = rtarget calf growth rate on Julian day & (kg - day™)

Finally, the actual weight gain of the calf each day is calculated as a function of the proportion of
the overall energy and N requirement for lactation met that day; note that this overall proportion
is set to whichever proportion, either energy or N, is lowest.
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WTCALF, = WTCALF,, + (TGRCALF,- PRTARLAC) (183)

where:
WTCALF, = calf weight at the end of Julian day 4 (kg)
WTCALF ,, = calf weight at the end of Julian day 4-1 (kg)
TGRCALF, = target calf growth rate on Julian day 4 (kg - day™)
PRTARLAC = proportion of the energy/nitrogen requirement for lactation met on
Julian day 4

Fetus and conceptus weight
Similar to the calculation of calf weight, the weight gain of the fetus each day is calculated as a
function of the proportion of the overall energy and N requirement for gestation that day:

WTFET, = WTFET,, + (TGRFET - PRTARGES,) (184)
where:
WTFET, = fetus weight at the end of Julian day  (kg)

TGRFET, = target fetus growth rate on Julian day 4 (kg - day™)

PRTARGES , = proportion of the energy/nitrogen requirement for gestation met on
Julian day &

Finally, the weight of the conceptus is calculated as:

WTCON = WTFET,/ PCONFET (185)
where:
WTCON, = weight of the conceptus at the end of Julian day 4 (kg)

WTFET, weight of fetus at the end of Julian day 4 (kg)
PCONFET = user-specified proportion of conceptus that is fetus — by default this value

is set to 0.55 (range is 0.21 fetal age 100 to 0.58 near term,
Robbins & Moen (1975 p686))

Fat-free, ingesta-free body weight
The fat-free, ingesta-free body weight is calculated using the approach of Reimers ez al., (1982)
for Svalbard reindeer and based on the dominance of protein as shown by Gerhart ez 4/,

(1996b) for caribou of the Porcupine herd.

WTFFIF = (4.184 - WTPRO ) + 0.343 Svalbard reindeer (186)
WTFFIF = (4.065 - WTPRO,) + 1.40 Porcupine herd caribou
where:

WTFFIF, = fat-free, ingesta-free body weight at the end of Julian day 4 (kg)
WTPRO, = dry protein weight of the cow at the end of Julian day & (kg)
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Body weight, empty body weight, maternal weight
These weights are then combined to estimate the total weight of the cow, the empty body

weight, and the maternal weight:

WTBODY, = WTFFIF,+ WTFAT ,+ WTGUT ,+ WTWAT ,+ WTCON, (187)
WTEMPTY , = WTFFIF ,+ WTFAT ,+ WTWAT, (188)
WTMAT, =WTBODY, - WTWAT, - WTCON, (189)
where:

WTBODY, = body weight of the animal on Julian day 4 (kg)

WTFFIF, = fat-free, ingesta-free body weight on Julian day 4 (kg)

WTFAT, = fat weight of the cow on Julian day 4 (kg)

WTGUT, = weight of the contents of the gut on Julian day 4 (kg)

WTWAT, = cow water weight on Julian day & (kg)

WTCONC, = weight of the conceptus on Julian day 4 (kg)

WTEMPTY, = empty body weight on Julian day & (kg)

WTMAT, = maternal weight of the cow on Julian day & (kg)

Prediction of actual carcass and animal composition is based on the above calculations and
checked against the marked linearity and interrelations of muscle, fat and bone and the amount
of chemical protein and fat estimated by the model (Ringberg ez al., 1981a; 1981b; Reimers ez
al., 1982; Reimers & Ringberg, 1983; Adamczewski ez al., 1987a; 1987b; Huot 1989; Gerhart ez
al., 1996b).

Rumen capacity

Although weight of rumen contents varies greatly, the maximum quantity is 16 kg for a mature
female caribou of 84 kg (0.25 kg per kg empty body weight, from Adamczewski ez al., 1987b
1151). This wet weight at 0.166 fractional dry matter gives a maximum fractional dry matter per

kg empty body weight (PRCAP) of 0.041 (0.25 - 0.166).

Thus, rumen capacity is calculated each day as:

RCAP, = (WTEMPTY, - WTWAT ) - PRCAP - 1000 (190)
where:
RCAP, = capacity of the rumen on Julian day  (g)

WTEMPTY , = empty body weight on Julian day & (kg)
NWTWAT, = cow water weight on Julian day & (kg)

PRCAP = user-specified rumen dry matter capacity as a proportion of empty
body weight (proportion) — by default this value is set to 0.041 (See above)
1000 = coeflicient for converting from kg to g (g - kg)
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Model Applications

In this manuscript we provide the detailed description of an energy-protein model for caribou. In
large part the model was derived from data collected while the first two authors were conducting
research on the Porcupine Caribou Herd. As the model progressed and as there was a need to
expand the application of the model to herds across the circumpolar north, data from other herds
were assembled and applied to specific projects. Concurrent with these applications, new research,
insights and the need for more detail (e.g. the incorporation of the protein dynamics) resulted in
examples of model applications that do not reflect the current model description. Although we
realize typically modeling publications confine applications to the model described in the manu-
script, we think it is instructive to provide an accounting of model applications, even in its earlier
versions.

In their monograph, Russell ez a/. (1993) described how the model could integrate reported
activity budgets, diet, plant quantity and quality for the range of the Porcupine Caribou Herd
to examine energy requirements and resultant weight and fat change under good and bad envi-
ronmental conditions. As well, Russell ez 2. (1993) used the model to compare spring migration
strategies of bulls versus cows. Luick ez /. (1994) used the model to estimate the effect of low
flying military jet aircraft on the productivity of the Delta Caribou Herd in central Alaska. For
the George River Herd, Manseau (1996) also used the model to integrate habitat and animal data
she collected to report on the energetic implications of environmental change. For the Central
Arctic Herd in Alaska, Murphy ez /. (2000) used the model to examine the implications to fall
pregnancy rates under different insect harassment and development exposure near the Prudhoe
Bay oilfields. A similar approach to Murphy ez al., (2000) was used to assess the implications from
fall body weight and probability of pregnancy under variable insect harassment and exposure to
proposed Diavik diamond mine infrastructure within the range of the Bathurst Caribou Herd.
The Bathurst Herd was also the focus of a pilot project to assess the utility of the energetics model
to incorporate results of Resource Selection Function (RSF) models on the summer range (Gunn
etal., 2011).

The only application of the model with the protein component incorporated was for assessing
the impacts on North Baffin Caribou herd of a proposed iron mine on Baffin Island (Russell
2011). In that application, we tested scenarios with respect to potential disturbance and displace-
ment for a 50-year time frame while the herd was recovering. Although the scenarios were consid-
ered beyond what we would predict to happen if the mine project were to proceed, we felt that it
was important to test the outside bounds and compare with baseline conditions. Output of body
condition variables that link directly to rates of herd productivity were used to compare scenarios.
These were: 1) birth weight (calf survival), 2) late June growth rate of the calf (post-natal weaning,
calf dies), 3) mid-summer protein gain of the cow (summer weaning, calf dies), late summer fat
weight of the cow (early weaning, calf survival reduced, cow increases probability of pregnancy),
cow weight at rut (pregnancy rate, cow overwinter survival), and calf weight at rut (normal or
extended lactation, calf survival, age of first reproduction). Figure 16 provides an output example
for three increasingly severe scenarios with respect to a decline in probability of pregnancy over a
50-year recovery period.
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Figure 16. Potential impact of three scenarios on pregnancy rate of the North Baffin Caribou
Herd, simulated over a 50-year recovery period. (Data from Russell, 2011)

Conclusions

Testing this model is an ongoing process. Components of the original energy model were as-
sessed through sensitivity analyses (White ez a/., 1991) that continues to date. Throughout model
building an objective has been to verify sections of the model through spreadsheet models using
relevant sets of algorithms and data sets that were not used to derive the algorithms. At a higher
level, seasonal outputs of body weight and body composition were used to derive changes in cari-
bou herds other than the Porcupine Caribou Herd. More widespread use of the model will likely
test its universality, particularly where the user alters variables to ask questions of the model that
we have not addressed. We view the model as part of a dynamic process to better understand the
energy-protein relationships of Rangifer; we anticipate that periodic modifications in logic and
perhaps algorithm expression will be necessary.

The model described is complex which has its advantages and disadvantages. The most obvi-
ous disadvantage is the data requirements needed to run the model. However, complexity allows
the user to ask more detailed “what if” questions. Many factors influence the annual energy and
protein balance and the productivity of individual Rangifer. Simulation of energy and protein in
separate but integrated pathways allows the user to ask questions about the relative importance of
plant quality and biomass availability in seasonal, regional and long-term trends in variability of
the food base. Heretofore models have addressed only energy implications for analysis of popula-
tion responses. As we have outlined in the body of this report protein status and the recognition of
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a mobilizable protein reserve adds a new dimension to simulation modeling. The model allows the
proposal and testing of evolutionary strategies (Sibley ez a/., 2012) such as the extent of plasticity
and the trade-offs between reproduction and survival.

A limitation of the model is that it does not simulate the mineral balance and metabolism of
the individual. Given the recognized role of sodium, calcium, phosphorus and copper as regulated
components of metabolism (Hove ez al., 1986; Moen & Pastor 1998; Barboza ez al., 2009) and
the ability of individuals to respond in deficiency situations, the user of the model must be aware
of this set of limitations. Given the model generates diet and intake on a dry matter basis, the user
can formulate an intake analysis outside the model simulation, which could be used to test if a
mineral becomes limiting.

Currently we have modified the model structure to allow up to 1000 animals to be run through
the model concurrently under the same scenario. This modification will enable the user to exam-
ine the implications of a scenario for a cross section of the population, which may represent an
array of body weights, ages, and reproductive histories. An obvious advantage of multi-animal
simulations is the ability to summarize results, with mean and variance, to be utilized in a popu-
lation model. This approach has been applied in the latest assessment (i.e. Russell, 2011) of the
effects of a proposed iron ore mine on the North Baffin Caribou Herd, although a report on that
application isn’t public as of the writing of this document.

Although still untested, the model now allows the user to simulate an animal for up to 10 years.
Users therefore may wish to compare model outputs for time periods when their herds were in-
creasing or declining or to compare decades, or simply explore the implications of a series of good
or bad years that may provide a better understanding of, for example, breeding pauses (Cameron
1994).

Assembling data sets to drive the model has been done for most Arctic herds in North America
and a few in Russia. This process was facilitated through the CircumArctic Rangifer Monitoring
and Assessment (CARMA) program and is discussed by Russell ez 2/. (2013). In addition, a popu-
lation dynamics model that uses local population demography has been developed to link with the
energy-protein model and will be the subject of a future manuscript. Thus, the user has the ability
to ask questions at the population level, the region level and in relation to trends in climate and
human activity. This paper addresses for the reader and potential user, how and why the model was
structured in this highly mechanistic framework, and how it facilitates many levels of questioning.

Acknowledgements

This current document has built upon earlier technical reports describing the initial computer
simulation models for the Porcupine Caribou Herd. The energetics model description in this
report is based upon previous model documentation originally provided in Kremsater ez 4.
(1989) and Hovey ez al. (1989). The authors wish to thank Dr. Fred Bunnell, UBC, for guiding
the group through those initial workshops. At those workshops a number of researchers and
managers helped to conceptualize the structure of the model. Among those were Art Martell,
Steve Fancy, Ray Cameron, Ken Whitten, Rick Farnell and David Klein. As well, this write-up
builds on the Canadian Wildlife Service technical report (Russell ez /., 2005) that described the
second version of the model, especially equations used in the energy portion of the model. In
addition, attendees at the annual CARMA Network included community members, biologists

This journal is published under the terms of the Creative Commons Attribution 3.0 Unported License =
105 Eaitorin et sirgits Abman TechnicalEdior va ik and Graphic Desgn:Betl Larson, werangiferournal.com 1= IR Rangifer, 34, SPCC- Iss. No. 22, 2014


https://creativecommons.org/licenses/by/3.0/

and managers, provided feedback and ideas. Many attendees reviewed stages of the model as
energy and protein became integrated. To make comparisons of herds possible, a free- exchange
between circum-polar groups at the CARMA workshops improved monitoring of data that be-
came available for accessing local trends that drive modeling runs. Feedback from participants
was used to modify the capabilities of the model. We particularly recognize the special input
from our colleagues Perry Barboza, Ray Cameron, Christine Cuyler, Brad Griffith, Anne Gunn,
Gary Kofinas, Susan Kutz, Craig Nicholson, Kathy Parker, and Don Spalinger. We acknowledge
critical input from Dr. Anne Gunn and two anonymous reviewers that improved a previous ver-
sion of the manuscript.

The modeling project was initially funded by Environment Canada (Canadian Wildlife Ser-
vice) and the Canadian Department of Indian and Northern Affairs, Canada. Subsequently,
funding has been provided by Environment Canada, U. S. Man and the Biosphere Program
(High Latitude Directorate), the Canadian Climate Change Action Fund, and the U. S. Nation-
al Science Foundation (“Sustainability of Arctic Communities” project). The Canadian Inter-
national Polar Program provided funding to develop the protein section of the model and thus
played a major role in this current document. Developments and refinements of the model were
also funded by the Porcupine Caribou Management Board. Finally, credit is given to the Miner-
als and Metals Group (MMG, Ltd) through Environmental Dynamics Inc. (EDI) who provided
funding to help with final push to ensure this manuscript was completed, and to Environment
Canada who covered the publication costs.

This journal is published under the terms of the Creative Commons Attribution 3.0 Unported License =
106 e Birgitta Ahman, Technical Editor Eva Wiklund and Graphic Design: Bertl Larsson, wwwrangiferjournal.com L) IR Ral‘lglfel’, 34; SPCC- Iss. No. 22, 2014


https://creativecommons.org/licenses/by/3.0/

References

Aagnes, T.H., Blix, A.S. & Mathiesen, S.D. 1996. Food intake, digestibility and rumen fermen-
tation in reindeer fed baled timothy silage in summer and winter. — /. Agric. Sci. 127: 517-523.

Adamczewski, J.Z., Gates, C.C. & Hudson, R.J., 1987a. Fat distribution and indices of carcass
composition in Coats Island caribou (Rangifer tarandus groenlandicus). — Can. J. Zool. 65: 368-
374.

Adamczewski, J.Z., Gates, C.C., Hudson, R.J. & Price, M.A. 1987b. Seasonal changes in body
composition of mature female caribou and calves (Rangifer tarandus groenlandicus) on an arctic
island with limited winter resources. — Can. J. Zool. 65: 1149-1157.

Adams, L.G. & Dale, B.W. 1998a. Reproductive performance of female Alaskan caribou. — /.
Wildl. Manage. 62(4): 1184-1195.

Adams, L.G. & Dale, B.W. 1998b. Timing and synchrony of parturition in Alaskan caribou. — J.
Mammal. 79(1): 287-294.

Albon, S.D. & Langvatn, R. 1992. Plant phenology and the benefits of migration in a temperate
ungulate. — Oikos 65(3): 502-513.

Allden, W.G. & Whittaker, I.A.McD. 1970. The determination of herbage intake by grazing
sheep. The interrelationship of factors influencing herbage intake and availability. — Awsz. /.
Agric. Res. 21: 255-2066.

Allaye-Chan, A.C. 1991. Physiological and ecological determinants of nutrient partitioning in cari-
bou and reindeer. Ph.D. Thesis. University of Alaska Fairbanks, Fairbanks, Alaska. 135pp.

Annison, E.F. & Armstrong, D.G. 1970. Volatile fatty acid metabolism. In: Phillipson, A.T.
(ed.) Physiology of Digestion and Metabolism in Ruminants. pp. 422-437. Oriel Press, Newcas-
tle-upon-Tyne, U.K.

Annison, E.E, Brown, R.A., Leng, R.A,, Lindsay, D.B. & West, C.E. 1967. Rates of entry and
oxidation of acetate, glucose, D(-) B-hydroxybutyrate, palmitate, oleate and stearate, and rates
of production and oxidation of propionate and butyrate in fed and starved sheep. — Biochem.
7. 104: 135-147.

ARC. 1980. 7he Nutrient Requirements of Ruminant Livestock. Agricultural Research Council.
Commonwealth Agricultural Bureau. Slough, England. 351pp.

Arnold, G.W. & Dudzinski, M.L. 1967. Studies on the diet of grazing animals. 2: The effect of
physiological status in ewes and pasture availability on herbage intake. — Ausz. /. Agric. Res. 18:
349-359.

Baker, D.L. & Hobbs, N.T. 1987. Strategies of digestion: digestive efficiency and retention time
of forage diets in montane ungulates. — Can. J. Zool. 65: 1978-1984.

Baldwin, R.L. 1970. Energy metabolism in anaerobes. — Amer. J. Clin. Nutr. 23: 1508-1513.

Baldwin, R.L. 2010. Estimation of theoretical calorific relationships as a teaching technique. — /.
Dairy Sci. 51: 104-110.

Baldwin, R.L., Koong, L.J. & Ulyatt, M.]J. 1977. A dynamic model of ruminant digestion for
evaluation of factors affecting nutritive value. — Agric. Systems 2: 255-288.

Bali, A., Alexeev, V.A., White, R.G., Russell, D.E., McGuire, A.D. & Kofinas, G.P. 2013.
Long-term patterns of abiotic drivers of mosquito activity within summer ranges of Northern
Alaska caribou herds (1979-2009). — Rangifer, 33, Special Issue No. 21: 173-176.

Ballesteros, M., Birdsen, B.-]., Fauchald, P., Langeland, K., Stien, A. & Tveraa, T. 2013.

This journal is published under the terms of the Creative Commons Attribution 3.0 Unported License =
17 Eitorin hiek: gt Ahman, TechnicalEitr £va Wikund and Graphic Design: Bt Larson, wwwrangiferoumalcom |- IS Rangifer, 34, SPCC- Iss. No. 22, 2014


https://creativecommons.org/licenses/by/3.0/

Combined effects of long-term feeding, population density and vegetation green-up on rein-
deer demography. — Ecosphere 4: 1-13 article 45.

Barboza, P.S. & Parker, K.L. 2006. Body protein stores and isotopic indicators of N balance in
female reindeer (Rangifer tarandus) during winter. — Physiol. Biochem. Zool. 79(3): 628-644.
Barboza, P.S. & Parker, K.L. 2008. Allocating protein to reproduction in Arctic reindeer and

caribou. — Physiol. Biochem. Zool. 81(6): 835-855.

Barboza, PS., Parker, K.L. & Hume, I.D. 2009. Integrative wildlife nutrition. Springer-Verlag,
Berlin and Heidelberg. 333pp.

Biérdsen, B.-J., Fauchald, P, Tveraa, T., Langeland, K. & Nieminen, M. 2009. Experimental
evidence of cost of lactation in a low risk environment for a long-lived mammal. — Oikos 118:
837-852.

Biérdsen, B.-J., Fauchald, P, Tveraa, T., Langeland, K., Yoccoz, N.G. & Ims, R.A. 2008. Ex-
perimental evidence of a risk-sensitive reproductive allocation in a long-lived mammal. — Eco/-
ogy 89(3): 829-837.

Barry, T.N. & Duncan, S.J. 1984. The role of condensed tannins in the nutritional value of Lotus
pedunculatus for sheep. 1. Voluntary intake. — Br. J. Nutr. 51: 485-491.

Barry, T.N. & Manley, T.R. 1984. The role of condensed tannins in the nutritional value of Lotus
pedunculatus for sheep 2. Quantitative digestion of carbohydrates and protein. — Br. J. Nutr.
51: 493-504.

Barry, TN. & McNabb, W.C. 1999. The implications of condensed tannins on the nutritive
value of temperate forages fed to ruminants. — Br. /. Nutr. 81: 263-272.

Beever, D.E. & Siddons, R.C. 1986. Digestion and metabolism in the grazing ruminant. In:
Milligan, L.P, Grovum, W.L. & Dobson, A. (ed.) pp. 479-497. Control of Digestion and Me-
tabolism in Ruminants. Academic Press, New York.

Bergerud, A.T., Luttich, S.N. & Camps, L. 2008. 7he Return of Caribou to Ungava. Mc-
Gill-Queen’s University Press, Montreal. 586pp.

Black, J.L., Beever, D.E., Faichney, G.J., Howarth, B.R. & Graham, N.McC. 1980-81. Simu-
lation of the effects of rumen function on the flow of nutrients from the stomach of sheep. Part
1 — Description of computer model. — Agric. Syst. 6: 195-219

Black, J.L. & Griffiths, D.A. 1975. Effects of live weight and energy intake on nitrogen balance
and total N requirements of lambs. — Br. /. Nutr. 33: 399-41.

Blaxter, K.L. 1962. 7he energy metabolism of ruminants. Charles C. Thomas. Springfield, IL,
USA. 331pp.

Cameron, R.D. 1994. Reproductive pauses by female caribou. — /. Mammal. 75: 10-13.

Cameron, R.D., Smith, W.T., Fancy, S.G., Gerhart, K.L. & White, R.G. 1993. Calving success
of female caribou in relation to body weight. — Can. J. Zool. 71: 480-486.

Cameron, R.D., Smith, W.T., White, R.G. & Griffith, B. 2005. Central Arctic Caribou and
Petroleum Development: Distributional, Nutritional, and Reproductive implications. — Aretic
58: 1-9.

Cameron, R.D. & Ver Hoef, .M. 1994. Predicting parturition rate of caribou from autumn
body mass. — J. Wildl. Manage. 58: 674-679.

Cameron, R.D. & White, R.G. 1996. Importance of summer weight gain to the reproductive
success of caribou in Arctic Alaska. — Rangifer Special Issue 9: 397.

Cameron, R.D., White, R.G. & Luick, J.R. 1975. The accumulation of water in reindeer during

This journal is published under the terms of the Creative Commons Attribution 3.0 Unported License =
108 citorin criet: Birgitta Ahman, Technical Editor Eva Wiklund and Graphic Design: Bertl Larsson, wwwrangiferjournal.com L) IR Ral‘lglfel’, 34; SPCC- Iss. No. 22, 2014


https://creativecommons.org/licenses/by/3.0/

winter. In: Luick, J.R., Lent, PC., Klein, D.R. & White, R.G. (eds.) Proc. First Int’l. Reindeer
and Caribou Symp. - Biol. Papers, Univ. of Alaska, Spec. Report 1: 374-378.

Chan-McLeod, A.C.A., White, R.G. & Holleman, D.F. 1994. Effects of protein and energy
intake, body condition, and season on nutrient partitioning and milk production in caribou
and reindeer. — Can. J. Zool. 72(5): 938-947.

Chan-McLeod, A.C. Allaye, White, R.G. & Russell, D.E. 1999. Comparative body composi-
tion strategies of breeding and non-breeding female caribou. — Can. J. Zool. 77: 1901-1907.
Chen, W., Russell, D.E., Gunn, A., Croft, B., Chen, W.R., Fernandes, R., Zhao, H., Li, J.,

Zhang, Y., Koehler, K., Olthof, I., Fraser, R.H., Leblanc, S.G., Henry, G.R., White, R.G.
& Finstad, G.L. 2012. Monitoring habitat condition changes during winter and pre-calving
migration for Bathurst Caribou in northern Canada. — Biodiversizy 10: 1-9. http://dx.doi.org/

10.1080/14888386.2012.705110

Clutton-Brock, T.H., Iason, G.R. & Guinness, E.E. 1987. Sexual segregation and density-relat-
ed changes in habitat use in male and female red deer (Cervus elaphus). — J. Zool. 2: 276-289.

Collins, W.B. & Smith, T.S. 1989. Twenty-four hour behaviour patterns and budgets of free-rang-
ing reindeer in winter. — Rangifer 9(1): 2-8.

Collins, W.B., Urness, P.J. & Austin, D.D. 1978. Elk diets and activities on different lodgepole
pine habitat segments. — /. Wild]. Manage. 42: 799-810.

Colman, J.E., Eidesen, R., Hjermann, D.Q, Gaup, M.A., Holand, @., Moe, S.R. & Reimers,
E. 2004. Reindeer 24-hr within and between group synchronicity in summer versus environ-
mental variables. — Rangifer 24(1): 25-30.

Colman, J.E., Pedersen, C., Hjermann, D.Q., Holand, @., Moe, S.R. & Reimers, E. 2001.
Twenty-four-hour feeding and lying patterns of wild reindeer Rangifer tarandus tarandus in
summer. — Can. J. Zool. 79(12): 2168-2175.

Colman, J.E., Pedersen, C., Hjermann, D.Q., Holand, @., Moe, S.R. & Reimers, E. 2003.
Do wild reindeer exhibit grazing compensation during insect harassment? — J. Wild]. Manage.
67(1): 11-19.

Cété, S.D., Rooney, T.P,, Tremblay, J.-P, Dussault, C. & Waller, D.M. 2004. Ecological im-
pacts of deer overabundance. — Annu. Rev. Ecol. Evol. Syst. 35: 113-147.

Couturier, S., Courtois, R., Crépeau, H., Rivest, L.-P. & Luttich, S. 1996. Calving photocen-
sus of the Riviére George Caribou Herd and comparison with an independent census. — Ran-
gifer 9: 283-296.

Cronin, M.A., Haskell, S.P. & Ballard, W.B. 2003. The frequency of antlerless female caribou
and reindeer in Alaska. — Rangifer 23: 67-70.

Cuyler, C., White, R.G., Lewis, K., Soulliere, C., Gunn, A., Russell, D.E. & Daniel, C. 2012.
Are warbles and bots related to reproductive status in West Greenland caribou? — Rangifer Spe-
cial Issue 20: 243-257.

Dehority, B.A. 1974. Rumen ciliate fauna of Alaskan moose (Alces americana), musk-ox (Ovisbos
moschantus) and Dall Mountain sheep (Ovis dalli). — ]. Protozool. 21: 26-32.

Dehority, B.A. 1975. Characterization studies on the rumen bacteria isolated from Alaskan rein-
deer (Rangifer tarandus L.). In: Luick, J.R., Lent, PC., Klein, D.R. & White, R.G. (eds.) Proc.
First Int'l. Reindeer and Caribou Symp. - Biol. Papers, Univ. of Alaska Spec. Report 1: 228-240.

Dehority, B.A. 1986. Protozoa of the digestive track of herbivorous mammals. — nsect. Sci. Appl.
7:279-296.

This journal is published under the terms of the Creative Commons Attribution 3.0 Unported License =
109 Eitorin hiek: gt Abman, TechnicalEitr £va Wikund and Graphic Design: Bt Larson, wiwrangiferoumalcom =) IS Rangifer, 34, SPCC- Iss. No. 22, 2014


https://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.1080/14888386.2012.705110
http://dx.doi.org/10.1080/14888386.2012.705110

Dehority, B.A. & Orpin, C.G. 1997. Development of, and natural fluctuations in, rumen micro-
bial populations. In: Hobson, PN. & Stewart, C.S. (eds.) 7he Rumen Microbial Ecosystem. 2nd
Edition. Pp. 196-245. Springer, Netherlands.

Fancy, S.G. 1986. Duaily energy budgets of caribou: a simulation approach. Ph.D. Thesis. University
of Alaska Fairbanks, Fairbanks, Alaska. 226pp.

Fancy, S.G., Blanchard, ].M., Holleman, D.F, Kokjer, K.J. & White, R.G. 1986. Validation of
doubly labeled water method using a ruminant. — Am. J. Physiol. (Regulatory Integrative Comp.
Physiol. 20, pt. 2) 251: R143-R149.

Fancy, S.G. & White, R.G. 1985a. Energy expenditures by caribou while cratering in snow. — /.
Wildl. Manage. 49(4): 987-993.

Fancy, S.G. & White, R.G. 1985b. The incremental cost of activity. In: Hudson, R.J. & White,
R.G. (eds.) Bioenergetics of Wild Herbivores, Chapter 7. pp. 143-159. CRC Press, Boca Raton,
Florida.

Fancy, S.G. & White, R.G. 1987. Energy expenditures for locomotion by barren-ground cari-
bou. — Can. J. Zool. 65(1): 122-128.

Farrell, D.]., Leng, R.A. & Corbett, J.L. 1972. Undernutrition in grazing sheep. II. Calorimet-
ric measurements on sheep taken from pasture. — Ausz. J. Agric. Res. 23: 499-509.

Fauchald, P, Tveraa, T., Henaug, C. & Yoccoz, N. 2004. Adaptive regulation of body reserves in
reindeer, Rangifer tarandus: a feeding experiment. — Oikos 107: 583-591.

Feist, D.D. & White, R.G. 1989. Terrestrial mammals in cold. In: Wang, L.C.H. (ed) Advances
in Comparative and Environmental Physiology, V. 24, Chapter 9, pp. 327-360. Springer-Verlag,
Heidelberg.

Festa-Bianchet, M. 1998. Condition-dependent reproductive success in bighorn ewes. — Ecol.
Letters 1: 91-94.

Festa-Bianchet, M., Gaillard, J.M. & Jorgenson, J.T. 1998. Mass- and density-dependent re-
productive success and reproductive costs in a capital breeder. — 7he American Naturalist. 152:
367-379.

Festa-Bianchet, M. & Jorgenson, J.T. 1998. Selfish mothers: reproductive expenditure and re-
source availability in bighorn ewes. — Behav. Ecol. 9: 144-150.

Fowler, C.W. 1987. A review of density dependence in populations of large mammals. In: Genoways,
H.H. (ed.) Current Mammalogy. 1: 401-441. Plenum Publishing Corporation, New York.
Gaare, E. & Skogland, T. 1975. Wild reindeer food habits and range use at Hardangervidda. In:

Wielgolaski, E (ed.) Fennoscandian tundra ecosystems. Springer Verlag, Berlin.

Gerhart, K.L. 1995. Nutritional and ecological determinants of growth and reproduction in caribou.
Ph.D. Thesis. University of Alaska Fairbanks, Fairbanks, Alaska. 195pp.

Gerhart, K.L., Russell, D.E., van de Wetering, D., White, R.G. & Cameron, R.D. 1997. Preg-
nancy of adult caribou (Rangifer tarandus): evidence for lactational infertility. — /. Zool., Lond.
242: 17-30.

Gerhart, K.L., White, R.G., Cameron, R.D. & Russell, D.E. 1996a. Estimating fat content of
caribou from body condition scores. — /. Wild]. Manage. 60(4): 713-718. doi:10.2307/3802369.

Gerhart, K.L., White, R.G., Cameron, R.D. & Russell, D.E. 1996b. Body composition and
nutrient reserves of Arctic caribou. — Can. . Zool. 74: 136-146.

Goering, H.K. & Van Soest, PJ. 1970. Forage fiber analyses: apparatus, reagent, procedures, and
some applications. U.S. Dep. Agric. Agric. Handb. No. 379.

This journal is published under the terms of the Creative Commons Attribution 3.0 Unported License =
110 ciiormciet Birgitta Ahman, Technical Editor Eva Wiklund and Graphic Design: Bertl Larsson, wwwrangiferjournal.com L) IR Ral‘lglfel’, 34; SPCC- Iss. No. 22, 2014


https://creativecommons.org/licenses/by/3.0/

Gordon, H. A. 1968. Is a germ-free animal normal. In: Coates, M.E. (ed.) 7he germ-free animal
in research. Pp. 127-150. Academic Press, New York.

Gotaas, G., Milne, E., Haggarty, P. & Tyler, N.J.C. 2000. Energy expenditure of free-living
reindeer estimated by the doubly labelled water method. — Rangifer 20: 211-219.

Griffith, B., Douglas, D.C., Walsh, N.E., Young, D.D., McCabe, T.R., Russell, D.E., White,
R.G., Cameron, R.D. & Whitten, K.R. 2002. The Porcupine Caribou Herd. In: Douglas,
D.C., Reynolds, PE. & Rhode, E.B. (eds.) Arctic Refuge coastal plain terrestrial wildlife research
summaries. Pp. 8-37. U.S. Geological Survey, Biological Resources Division, Biological Science
Report USGS/BRD/BSR-2002-0001.

Gross, J.E., Hobbs, N.T. & Wunder, B.A. 1993a. Independent variables for predicting intake
rate of mammalian herbivores: biomass density, plant density, or bite size? — Oikos 68: 75-81.

Gross, J.E., Shipley, L.A., Hobbs, N.T., Spalinger, D.E. & Wunder, B.A. 1993b. Functional
response of herbivores in food-concentrated patches: tests of a mechanistic model. — Ecology
74:778-791.

Gunn, A. 2003. Voles, lemmings and caribou - population cycles revisited. — Rangifer Special
Issue 14: 105-112.

Gunn, A. & Irvine, R.]J. 2003. Sub-clinical parasitism and ruminant foraging strategies - a review.
— Wildl. Soc. Bull. 31: 117-126.

Gunn, A., Johnson, C.J., Nishi, J., Daniel, C.]J., Russell, D.E., Carlson, M. & Adamczewski,
J.Z. 2011. Addressing cumulative effects in the Canadian Central Arctic - Understanding the
impacts of human activities on barren-ground caribou. In: Kraussman, P. & Harris, L. (eds.)
Cumulative Effects in Wildlife Management: Impact Mitigation, CRC Press.

Gunn, A., Russell, D.E., Daniel, C.J., White, R.G. & Kofinas, G. 2013. CARMA’s approach
for collaborative and inter-disciplinary assessment of cumulative effects. — Rangifer Special Issue
21: 161-166.

Gunn, A, Russell, D., White, R.G. & Kofinas, G. 2009. Facing a future of change: Wild migra-
tory caribou and reindeer (Commentary). — Arctic 62: iii-vi.

Hagerman, A.E. & Robbins, C.T. 1993. Specificity of tannin-binding salivary proteins relative
to diet selection by mammals. — Can. J. Zool. 71: 628-633.

Haggarty, P, 2000. Quantifying the free living energy exchanges of Arctic ungulates with stable
isotopes. — Rangifer 20: 59-69.

Haggarty, P, Robinson, J.]., Ashton, J., Milne, E., Adam, C.L., Kyle, C.E., Christie, S.L. &
Midwood, A.J. 1998. Estimation of energy expenditure in free-living red deer with the doubly
labelled water method. — Br. J. Nutr. 80: 263-272.

Hanley, T.A., Robbins, C.T., Hagerman, A.E. & McArthur, C. 1992. Predicting digestible dry
matter in tannin-containing forages consumed by ruminants. — Ecology 73: 537-541.

Hespell, R.B. & Bryant, M.P. 1979. Efficiency of rumen microbial growth: influence of some
theoretical and experimental factors of YATP. — /. Anim. Sci. 49: 1640-1659.

Hobbs, N.T. 1989. Linking energy balance to survival in mule deer: development and test of a
simulation model. — Wildl. Monogr. 101: 1-39.

Hobbs, N.T., Gross, J.E., Shipley, L.A., Spalinger, D.E. & Wunder, B.A. 2003. Herbivore
functional response in heterogeneous environments: A contest among models. — Ecology 84:
666-681.

Holleman, D.F. & White, R.G. 1989. Determination of digesta fill and passage rate from nonab-

111 This journal is published under the terms of the Creative Commons Attribution 3.0 Unported License o Rangifer, 34’ SpCC. Iss. No. 22, 2014

Editor in Chief: Birgitta Ahman, Technical Editor Eva Wiklund and Graphic Design: Bertil Larsson, www.rangiferjournal.


https://creativecommons.org/licenses/by/3.0/

sorbed particulate phase markers using the single dosing method. — Can. J. Zool. 67: 488-494.

Holling, C.S. 1965. The functional response of predators to prey density and its role in mimicry
and population regulation. — Mem. Ent. Soc. Can. 45: 1-60.

Hoppe, P.P. 1977. Rumen fermentation and body weight in African ruminants. Proceedings of 13th
Congress of Game Biologists, Atlanta, U.S.A., pp. 141-150.

Hoppe, P.P., Qvortrup, S.A. & Woodford, M.H. 1977. Rumen fermentation and food selection
in East African sheep, goats, Thomson’s gazelle and impala. — /. Agric. Sci. 89: 129-135.

Houpt, T.R. 1970. Transfer of urea and ammonia to the rumen. In: Phillipson, A.T. (ed.) Physi-
ology of Digestion and Metabolism in the Ruminant. Pp. 119-131. Oriel Press, Newcastle upon
Tyne, UK.

Houpt, T.R. & Houpt, K.A. 1968. Transfer of urea nitrogen across the rumen wall. — Am. /.
Physiol. 214: 1296-1303.

Hove, K., Staaland, H. & White, R.G. 1986. Calcium absorption in reindeer: Effect of diet and
vitamin D. — Rangifer Special Issue 1: 361-362.

Hovey, EW., Kremseter, L.L., White, R.G., Russell, D.E. & Bunnell, EL. 1989. Computer sim-
ulation models of the Porcupine Caribou Herd. II. Growth. Tech. Rept. Ser. No. 54. Can. WIdf.
Serv., Pacific and Yukon Region, British Columbia. 16pp.

Hudson, R.J. & Christopherson, R.J. 1985. Maintenance metabolism. In: Hudson, R.J. &
White, R.G. (eds). Bioenergetics of wild herbivores. Pp. 121-142. CRC Press Inc., Boca Raton,
Florida.

Hudson, R.]J. & White, R.G. 1985. Computer simulation of energy budgets. In: Hudson, R.]J.
& White, R.G. (eds). Bioenergetics of wild herbivores. Pp. 261-290. CRC Press Inc., Boca Raton,
Florida.

Hume, I.D. & Warner, A.C.I. 1980. Evolution of microbial digestion in mammals. In: Rucke-
busch, Y. & Thivend, P. (eds.). Digestive Physiology and Metabolism in Ruminants. Pp. 665-684.
AVI. Westport, CT, USA.

Hungate, R.E. 1966. 7he Rumen and its Microbes. Academic Press, New York. 533 pp.

Huot, J. 1989. Body composition of the George River caribou (Rangifer tarandus caribou) in fall
and late winter. — Can. J. Zool. 67: 103-107.

Irvine, R.J., Stien, A., Halvorsen, O., Langvatn, R. & Albon, S.D. 2000. Life-history strategies
and population dynamics of abomasal nematodes in Svalbard reindeer (Rangifer tarandus platy-
rhynchus). — Parasit. 120: 297-311.

Jacobsen, B.W., Colman, J.E. & Reimers, E. 1998. The frequency of antlerless females among
Svalbard reindeer. — Rangifer 18: 81-84.

Jonsson, K.I. 1997. Capital and income breeding as alternative tactics of resource use in repro-
duction. — Oikos 78: 57-66.

Kay, R.N.B., von Engelhardt, W. & White, R.G. 1980. The digestive physiology of ruminants.
In: Ruclebush, Y. & Thivend, R. (eds.) Digestive Physiology and Metabolism of Ruminants. Pp.
743-761. MTP Press Ltd., Lancaster, England.

Kelsall, J. 1968. 7he migratory barren-ground caribou of Canada. Ottawa: Queen’s Printer.

Kie, J.G. 1999. Optimal foraging and risk of predation: effects on behavior and social structure
in ungulates. — /. Mammal. 80(4): 1114-1129. doi:10.2307/1383163.

Kleiber, M. 1975. The fire of life: an introduction to animal energetics. R.E. Kreiger Publishing Co.,
Huntington, N.Y.

This journal is published under the terms of the Creative Commons Attribution 3.0 Unported License =
112 citorin chiet Birgitta Ahman, Technical Editor Eva Wiklund and Graphic Design: Bertl Larsson, wwwrangiferjournal.com L) IR Ral‘lglfel’, 34; SPCC- Iss. No. 22, 2014


https://creativecommons.org/licenses/by/3.0/

Klein, D.R. 1990. Variation in quality of caribou and reindeer forage plants associated with sea-
son, plant part, and phenology. — Rangifer Special Issue 3: 123-130.

Knott, K.K., Barboza, P.S., Bowyer, R.T. & Blake, J.E. 2004. Nutritional development of feed-
ing strategies in Arctic ruminants: digestive morphometry of reindeer, Rangifer tarandus, and
muskoxen, Ovibos moschatus. — Zoology 107: 315-333.

Kofinas, G., Lyver, P, Russell, D., White, R., Nelson, A. & Flanders, N. 2003. Towards a pro-
tocol for community monitoring of caribou body condition. — Rangifer Special Issue 14: 43-52.

Kofinas, G., Russell, D.E. & White, R.G. 2002. Monitoring Caribou Body Condition: Work-
shop Proceedings. — Tech. Rept. Ser. No. 396. Can. Wild. Serv., Ottawa, Ontario. 31pp.

Kremsater, L.L., Hovey, EW., Russell, D.E., White, R.G., Bunnell, FL. & Martell, A.M.
1989. Computer simulation models of the Porcupine Caribou Herd. I. Energy. Tech. Rept. Ser.
No. 53. Can. WIdf. Serv., Pacific and Yukon Region, British Columbia. 14pp.

Kutz, S., Ducrocq, J., Cuyler, C., Elkin, B., Gunn, A., Kolpashikov, L., Russell, D. & White,
R.G. 2013. Standardized monitoring of Rangifer health during International Polar Year. — Ran-
gifer, 33, Special Issue No. 21: 91-114.

Lacy, R.C., Miller, P.S., Nyhus, P.J., Pollak, J.P., & Raboy, B.E. 2013. Metamodels for Transdis-
ciplinary Analysis of Wildlife Population Dynamics. — PLoS ONE 8(12): e84211.

Langer, P. 1974. Stomach evolution in the Artiodactyla. — Mammalia 38: 295-314.

Larsen, T.S., Nilsson, N.O. & Blix, A.S. 1985. Seasonal changes in lipogenesis and lipolysis in
isolated adipocytes from Svalbard and Norwegian reindeer. — Acta Physiol. Scan. 123: 97-104.

Lechner, 1., Barboza, P, Collins, W., Giinther, D., Hattendorf, B., Hummel, J. & Clauss, M.
2009. No ‘bypass’ in adult ruminants: Passage of fluid ingesta vs. fluid inserted into the rumen
in fistulated muskoxen (Ovibos moschatus), reindeer (Rangifer tarandus) and moose (Alces alces).
— Comp. Biochem. Physiol., Part A. 154: 151-156.

Leng, R.A. 1970. Formation and production of volatile fatty acids in the rumen. In: Phillipson,
AT. (ed.). Physiology of Digestion and Metabolism in the Ruminant pp. 406-421. Oriel Press,
Newcastle upon Tyne, UK.

Leng, R.A. 1982. Dynamics of protozoa in the rumen of sheep. — Br. /. Nuzr. 48: 399-415.

Leng, R.A. 1990. Factors affecting the utilization of poor quality forages by ruminants particular-
ly under tropical conditions. — Nutr. Res. Rev. 3: 277.

Leng, R.A. & Leonard, G.J. 1965. Measurements of the rates of production of acetic, propionic
and butyric acids in the rumen of sheep. — Br. J. Nuzr. 19: 469-483.

Leng, R.A. & Nolan, J.V. 1984. Nitrogen metabolism in the rumen. — /. Dairy Sci. 67: 1072-
1089.

Luick, B.R., Kitchens, J.A., White, R.G. & Murphy, S.M. 1994. Modeling energy and repro-
ductive costs of caribou exposed to low flying jet aircraft. Rangifer Special Issue 9: 207-212
Luick, B.R. & White, R.G. 1985. Oxygen consumption for locomotion by caribou calves. — /.

Wildl. Manage. 50:148-152.

Luick, J.R., White, R.G., Gau, A.M. & Jenness, R. 1974. Compositional changes in the milk
secreted by reindeer. 1. Gross composition and ash. — /. Dairy Sci. 57: 1325-1333.

Lyver, PO’B. & Gunn, A. 2004. Calibration of hunter impressions with female caribou body
condition indices to predict probability of pregnancy. — Arctic 57: 233-241.

MacRae, J.C. 1993. Metabolic consequences of intestinal parasitism. — Proc. Nutr. Soc. 52: 121-
130.

This journal is published under the terms of the Creative Commons Attribution 3.0 Unported License =
113 Eitorin chiek: sngita Ahman, TechnicalEitr £va Wikund and Graphic Design: Bt Larson, wiwrangiferoumalcom |12 IS Rangifer, 34, SPCC- Iss. No. 22, 2014


https://creativecommons.org/licenses/by/3.0/

Maier, J.A.K. & White, R.G. 1998. Timing and synchrony of activity in caribou. — Can. J. Zool.
76(11): 1999-2009.

Manseau, M. 1996. Relation réciproque entre les caribous et la végétation des aires d'estivage: le cas du
troupeau de caribous de la Riviére George. Ph.D. Thesis. University of Laval, Quecbec City. 167pp.

McArt, S.H., Spalinger, D.E., Kennish, J.M. & Collins, W.B. 2006. A modified method for
determining tannin-protein precipitation capacity using accelerated solvent extraction (ASE)
and microplate gel filtration. — . Chem. Ecol. 32: 1367-1377.

McArt, S.H., Spalinger, D.E., Collins, W.B., Schoen, E.R., Stevenson, T. & Bucho, M.
2009. Summer dietary nitrogen availability as a potential bottom-up constraint on moose in
south-central Alaska. — Ecology 90: 1400-1411.

McDonald, I.W. 1952. The role of ammonia in ruminal digestion of protein. — Biochem. J. 51:
86-90.

McEwan, E.H. & Whitehead, P.E. 1970. Seasonal changes in the energy and nitrogen intake in
reindeer and caribou. — Can. /. Zool. 46: 1023-1029.

Moen, R. & Pastor, J. 1998. Simulating antler growth and energy, nitrogen, calcium and phos-
phorus metabolism in caribou. — Rangifer Special Issue 10: 85-97.

Monteith, K.L., Stephenson, T.R., Bleich, V.C., Conner, M.M., Pierce, B.M. & Bowyer, R.T.
2013. Risk-sensitive allocation in seasonal dynamics of fat and protein reserves in a long-lived
mammal. — /. Anim. Ecol. 82: 377-388.

Munn, A.J. & Barboza, P.S. 2008. Could a big gut be too costly for muskoxen (Ovibos moschatus)
in their first winter? — Zoology 111: 350-362.

Munns, Jr., W.R. 2006. Assessing risks to wildlife populations from multiple stressors: overview
of the problem and research needs. — Ecology and Society 11(1): 23. [online] URL: http://www.
ecologyandsociety.org/vol11/iss1/art23/

Murphy, S.M., Russell, D.E. & White, R.G. 2000. Modeling energetic and demographic con-
sequences of caribou interactions with oil development in the Arctic. — Rangifer Special Issue
12: 107-109.

Muuttoranta, K., Holand, @., Reed, K.H., Tapio, M., Nieminen, M. & Miki-Tanila, A.
2013. Genetic and environmental effects affecting the variation in birth date and birth weight
of reindeer calves. — Rangifer 33(1), 2013: 25-35.

Mysterud, A., Reed, K.H., Holand, 9., Yoccoz, N.G. & Nieminen, M. 2009. Age-related ges-
tation length adjustment in a large iteroparous mammal at northern latitude. — /. Anim. Ecol.
78:1002-1006.

Nilssen, K.J., Sundsfjord, J.A. & Blix, A.S. 1984. Regulation of metabolic rate in Svalbard and
Norwegian reindeer. — Am. J. Physiol. 247: R837-R841.

Nolan, J.V. & Leng, R.A. 1972. Dynamic aspects of ammonia and urea metabolism in sheep. —
Br. J. Nutr. 27: 177-94.

NRC. 1985. Ruminant nitrogen usage. National Academy Press, Washington, DC.

NRC. 2007. Nutrient Requirements of Small Ruminants: Sheep, Goats, Cervids, and New World
Camelids. National Research Council. The National Academic press, Washington, DC. www.
nap.edu.

Nyhus, P.J., Lacy, R., Westley, E.R., Miller, P, Vredenburg, H., Paquet, P. & Pollak, J. 2007.
Tackling biocomplexity with meta-models for species risk assessment. — Ecology and Society
12(1): 31. [online] URL: http://www.Ecologyandsociety.org/vol12/iss1/art31/

This journal is published under the terms of the Creative Commons Attribution 3.0 Unported License =
114 ditor in Chief: Bigitta Ahman, Technical Editor Eva Wiklund and Graphic Design: Bertl Larsson, wanwrangiferjournal.com L) IR Ral‘lglfel’, 34; SPCC- Iss. No. 22, 2014


https://creativecommons.org/licenses/by/3.0/
http://www.ecologyandsociety.org/vol11/iss1/art23
http://www.ecologyandsociety.org/vol11/iss1/art23
www.nap.edu
www.nap.edu
http://www.Ecologyandsociety.org/vol12/iss1/art31

Orpin, C.G. & Joblin, K.N. 1988. The rumen anaerobic fungi. In: Hobson PN. (ed.) 7he Rumen
Microbial Ecosystem. Pp. 129-50. Elsevier Applied Science, London.

Orpin, C.G. & Mathiesen, S.D. 1990. Microbiology of digestion in the Svalbard reindeer (Ran-
gifer tarandus platyrhynchus). Rangifer Special Issue 3: 187-199.

Orpin, C.G., Mathiesen, S.D., Greenwood, Y. & Blix, A.S. 1985. Seasonal changes in rumen
microflora of the high-Arctic Svalbard reindeer (Rangifer tarandus platyrhynchus). — Appl. Envi-
ron. Microbio. 50: 144-151.

Osuji, P.O. 1974. The physiology of eating and the energy expenditure of the ruminant at pas-
ture. — /. Range. Manage. 27: 437-443.

Owens, EN. & Goetsch, A.L. 1986. Digesta passage and microbial protein synthesis. In: Mil-
ligan, L.P, Grovum, W.L. & Dobson, A. (eds.) Control of Digestion and Metabolism in Rumi-
nants. Pp196. Prentice-Hall, Englewood Cliffs, N]J.

Orskov, E.R., Benzie, D. & Kay, R.N. 1970. The effects of feeding procedure on closure of the
oesophageal groove in young sheep. — Br. J. Nutr. 24: 785-795.

Orskov, E.R. & McDonald, I. 1979. The estimation of protein degradability in the rumen from
incubation measurements weighted according to rate of passage. — /. Agric. Sci. 92: 499-503.
Parker, G.R. 1981. Physical and reproductive characteristics of an expanding woodland caribou
population (Rangifer tarandus caribou) in northern Labrador. — Can. J. Zool. 59: 1929-1940.
Parker, K.L. 2003. Advances in the nutritional Ecology of cervids at different scales. — Ecoscience

10: 395-411.

Parker, K.L., Barboza, P.S. & Gillingham, M.P. 2009. Nutrition integrates environmental re-
sponses of ungulates. — Funct. Ecol. 23: 57-69. doi:10.1111/j.1365-2435.2009.01528 x.

Parker, K.L., Barboza, P.S. & Stephenson, T.R. 2005. Protein conservation in female caribou
(Rangifer tarandus): effects of decreasing diet quality during winter. — /. Mammal. 86(3): 610-
622.

Parker, K.L., White, R.G., Gillingham, M.P. & Holleman, D.E. 1990. Comparison of energy
metabolism in relation to daily activity and milk consumption by caribou and muskox neo-
nates. — Can. J. Zool. 68:106-114.

Pastor, J., Standke, K., Farnsworth, R., Moen, R. & Cohen, Y. 1999. Further development of
the Spalinger-Hobbs mechanistic foraging model for free-ranging moose. — Can. J. Zool. 77:
1505-1512.

Peltier, T.C., Barboza, P.S. & Blake, J.E. 2003. Seasonal hyperphagia does not reduce digestive
efficiency in an Arctic grazer. — Physiol. Biochem. Zool. 76: 471-483.

Person, S.]., Pegau, R.E., White, R.G. & Luick, J.R. 1980. In vitro and nylon bag digestibilities
of reindeer and caribou forages. — J. Wildl. Manage. 44: 613-622.

Poppi, D.P. & McLennan, S.R. 1995. Protein and energy utilization by ruminants at pasture. —
J. Anim. Sci. 73: 278-290.

Preston, T.R. & Leng, R.A. 1987. Matching Ruminant Production Systems with Available Resources
in the Tropics and Subtropics. Penambul Books, Armidale.

Pritchard, A.K., Finstad, G.L. & Shain, D.H. 1999. Lactation in yearling Alaskan reindeer:
Implications for growth, reproduction, and survival. — Rangifer 19: 77-84.

Reimers, E. 1980. Activity pattern; the major determinant for growth and fattening in Rangifer?
In: Reimers, E., Gaare, E. & Skjenneberg, S. (eds.). Proc. 2nd Int!l. Reindeer and Caribou Symp.
Pp. 466-474. Directoratet for vilt og ferskvannsfisk, Trondheim, Norway.

This journal is published under the terms of the Creative Commons Attribution 3.0 Unported License =
115 Eaitorin et Brgits Aman Technical Edior Eva Wik and GraphicDesgn: Bt Larson, werangiferournal.com 1= IR Rangifer, 34, SPCC- Iss. No. 22, 2014


https://creativecommons.org/licenses/by/3.0/

Reimers, E. 1983a. Growth and size differences in reindeer-causes and effects. — Rangifer 3: 3-15.

Reimers, E. 1983b. Reproduction in wild reindeer in Norway. — Can. J. Zool. 61: 211-217.

Reimers, E. 1993. Antlerless females among reindeer and caribou. — Can. J. Zool. 71: 1319-1325.

Reimers, E. 2002. Calving time and foetus growth among wild reindeer in Norway. — Rangifer
22: 61-66.

Reimers, E., Klein, D.R. & Serumgard, R. 1983. Calving time, growth rate and body size of
Norwegian reindeer on different ranges. — Arcz. Alp. Res. 15: 107-118.

Reimers, E. & Ringberg, T. 1983. Seasonal changes in body weights of Svalbard reindeer from
birth to maturity. — Acta Zool. Fennica 175: 69-72.

Reimers, E., Ringberg, T. & Serumgird, R. 1982. Body composition of Svalbard reindeer. —
Can. J. Zool. 60: 1812-1821.

Renecker, L.A. & Hudson, R.]J. 1985. Estimation of dry matter intake of free ranging moose. — /.
Wildl. Manage. 49: 785-792.

Renecker, L.A. & Hudson, R.J. 1986. Seasonal foraging rates of free-ranging moose. — /. Wildl.
Manage. 50: 143-147.

Renecker, L.A. & Samuel, W.M. 1991. Growth and seasonal weight changes as they relate to
spring and autumn set points in mule deer. — Can. J. Zool. 69(3): 744-747.

Renecker, L.A.. & Schwartz, C.C. 1997. Food habits and feeding behavior. In: Franzmann,
A. & Schwartz, C.C. (eds.) Moose of North America: Ecology and Management. Chapter 13,
pp-403-439. The Wildlife Management Inst., Washington, D.C.

Richardson, J.M., Wilkinson, R.G. & Sinclair, L.A. 2003. Synchrony of nutrient supply to the
rumen and dietary energy source and their effects on the growth and metabolism of lambs. — /.
Anim. Sci. 81: 1332-1347.

Ringberg, T., White, R.G., Holleman, D.F. & Luick, J.R. 1981a. Prediction of carcass compo-
sition in reindeer (Rangifer tarandus tarandus L.) by use of selected indicator bones and muscles.
— Can. J. Zool. 59: 583-588.

Ringberg, T., White, R.G., Holleman, D.F. & Luick, J.R. 1981b. Body growth and carcass
composition of lean reindeer (Rangifer tarandus tarandus L.) from birth to maturity. — Can. J.
Zool. 59: 1040-1044.

Robbins, C.T. 1993. Wildlife feeding and nutrition. 2nd ed. Academic Press, New York.

Robbins, C.T., Hanley, T.A., Hageman, A.E., Hjeljord, O., Baker, D.L., Schwartz, C.C. &
Mautz, W.W. 1987b. Role of tannins in defending plants against ruminants: reduction in
protein availability. — Ecology 68: 98-107.

Robbins, C.T. & Moen, A.N. 1975. Uterine composition and growth in pregnant white-tailed
deer. — /. Wildl. Manage. 39: 684-691.

Robbins, C.T., Mole, S., Hageman, A.E. & Hanley, T.A. 1987a. Role of tannins in defending
plants against ruminants: Reduction in dry matter digestion. — Ecology 68: 1606-1615.

Robbins, C.T. & Robbins, B.L. 1979. Fetal and neonatal growth patterns and maternal repro-
ductive effort in ungulates and subungulates. — 7he Amer. Natural. 114: 101-116.

Rognmo, A., Markussen, K.A., Jacobsen, E., Grav, H.J. & Blix, A.S. 1983. Effects of improved
nutrition in pregnant reindeer on milk quality, calf birth weight, growth, and mortality. — Ran-
gifer 3:10-18.

Roine, K., Nieminen, M. & Timisjivi, J. 1982. Foetal growth in the reindeer. — Acta Ver. Scand.
23:107-117.

This journal is published under the terms of the Creative Commons Attribution 3.0 Unported License =
116 e Birgitta Ahman, Technical Editor Eva Wiklund and Graphic Design: Bertl Larsson, wwwrangiferjournal.com L) IR Ral‘lglfel’, 34; SPCC- Iss. No. 22, 2014


https://creativecommons.org/licenses/by/3.0/

Ropstad, E. 2000. Reproduction in female reindeer. — Anim. Repro. Sci. 60: 561-570.

Rowell, J.E. & Shipka, M.P. 2009. Variation in gestation length among captive reindeer (Ran-
gifer tarandus tarandus). — Theriogenology 72: 190-197.

Russell, D.E. 2011. Energy-Protein Modeling of North Baffin Caribou in Relation to the Mary
River Mine Project. In: Final Environmental Impact Statement, February 2012. EDI Environ-
mental Dynamics Inc. 3-478 Range Road, Whitehorse.

Russell, D.E., Cameron, R.D., White, R.G. & Gerhart, K.L. 2000. Mechanisms of summer
weight gain in northern caribou herds. — Rangifer Special Issue 12: 148.

Russell, D.E., Fancy, S.G., Whitten, K.R. & White, R.G. 1991. Overwinter survival of orphan
caribou, Rangifer tarandus, calves. — Can. Field-Naturalist 105: 103-105.

Russell, D.E., Gerhart, K.L., White, R.G. & Van De Wetering, D. 1998. Detection of early
pregnancy in caribou: evidence for embryonic mortality. — /. Wildl. Manage. 62: 1066-1075.

Russell, D.E., Martell, A.M. & Nixon, W.A.C. 1993. Range Ecology of the Porcupine Caribou
Herd in Canada. — Rangifer Special Issue 8:1-168.

Russell, D. E., van de Wetering, D., White, R.G. & Gerhart, K.L. 1996. Oil and the Porcupine
Caribou Herd--Can we quantify the impacts? — Rangifer Special Issue 9: 255-257.

Russell, D.E. & White, R.G. 2000. Surviving the north — a conceptual model of reproductive
strategies in Arctic caribou. — Rangifer Special Issue 12: 67.

Russell, D.E., White, R.G. & Daniel, C.J. 2005. Energetics of the Porcupine Caribou Herd: A
computer Simulation Model. Tech. Rept. Ser. No. 431. Can. Wild. Serv., Ottawa, Ontario.
64pp.

Russell, D.E., Whitfield, PH., Cai, J., Gunn, A., White, R.G. & Poole, K. 2013. CARMA’s
MERRA-based caribou climate database. — Rangifer Special Issue 21: 145-152.

SAAM 1I. 2002. Simulation analysis and modeling. Version 1.2. SAAM Institute, Inc., Seattle,
WA, USA.

Sather, B-E. 1997. Environmental stochasticity and population dynamics of large herbivores: a
search for mechanisms. — Trends Ecol. Fvol. 12: 143-149.

Schmidt-Nielsen, B., Osaki, H., Murdaugh, H.V. & O’Dell, R. 1958. Renal regulation of urea
excretion in sheep. — Am. J. Physiol. 194: 221-228.

Schmidt-Nielsen, B., Schmidt-Nielsen, K., Jarnum, S.A. & Houpt, T.R. 1957. Urea excretion
in the camel. — Am. J. Physiol. 188: 477-484.

Schwartz, C.C., Regelin, W.L., Franzmann, A.W., White, R.G. & Holleman, D.F. 1988. Food
passage rate in moose. — Alces 24: 97-101.

Schwartz, C.C. & Renecker, L.A. 1997. Nutrition and energetics. In: Franzmann, A.W. &
Schwartz, C.C. (eds.) Moose of North America: Ecology and Management. Chapter 13. Pp. 441-
478. The Wildlife Management Inst., Washington, D.C.

Shipley, L.A., Gross, J.E., Spalinger, D.E., Hobbs, N.T. & Wunder, B.A. 1994. The scaling of
intake in mammalian herbivores. — The Amer. Natural. 143: 1055-1082.

Shipley, L.A, & Spalinger, D.E. 1992. Mechanics of browsing in dense food patches: effects of
plant and animal morphology on intake rate. — Can. J. Zool. 70: 1743-1752.

Shipley, L.A. & Spalinger, D.E. 1995. Influence of size and density of browse patches on intake
rates and foraging decisions of young moose and white-tailed deer. — Oecologia 104: 112-121.

Sibly, R.M., Grim, V., Martin, B.T., Johnston, A.S.A., Kulakowska, K., Topping, C.]J., Calow,
P, Nabe-Nielsen, J., Thorbek, P. & DeAngelis, D.L. 2012. Representing the acquisition and

This journal is published under the terms of the Creative Commons Attribution 3.0 Unported License =
1177 citorin chiek: engisa Ahman, TechnicalEitr £va Wikund and Graphic Design: Bt Larson, wiwrangiferoumalcom =) IS Rangifer, 34, SPCC- Iss. No. 22, 2014


https://creativecommons.org/licenses/by/3.0/

use of energy by individuals in agent-based models of animal populations. — Mezh. Ecol. Evol.
2012. doi: 10.1111/2014-210x.12002_

Sinclair, A.R.E., Chitty, D., Stefan, C.I. & Krebs, C.J. 2003. Mammal population cycles: Evi-
dence for intrinsic differences during snowshoe hare cycles. — Can. J. Zool. 81: 216-220.

Skogland, T. 1980. Comparative summer feeding strategies of Arctic and Alpine Rangifer . — /.
Anim. Ecol. 49: 81-98.

Skogland, T. 1983. The effects of density dependent resource limitation on size of wild reindeer.
— Oecologia, 60: 156-168.

Skogland, T. 1984a. Wild reindeer foraging-niche organization. — Holarct. Ecol. 7: 345-379.

Skogland, T. 1984b. The effects of food and maternal conditions on fetal growth and size in wild
reindeer. — Rangifer 4: 39-46.

Skogland, T. 1985. The effects of density-dependent resource limitations on the demography of
wild reindeer. — /. Anim. Ecol. 54: 359-374.

Skogland, T. 1986. Density dependent food limitation and maximal production in wild reindeer
herds. — /. Wildl. Manage. 50: 314-319.

Solberg, E.J., Jordhey, P, Strand, O., Aanes, R., Loison, A., Szther, B.-E. & Linnell, J.D.C.
2001. Effects of density-dependence and climate on the dynamics of a Svalbard reindeer pop-
ulation. — Ecography 24: 441-451.

Spalinger, D.E. 1997. Foraging behaviour of cervids: constraints, adaptations and optimal for-
aging. In: Recent Developments in Deer Biology. Pp.246-261. Proc. of the third International
Congress on the Biology of Deer. Moredun Research Institute, Aberdeen.

Spalinger, D.E., Hanley, T.A. & Robbins, C.T. 1988. Analysis of the functional response of
foraging in the sitka black-tailed deer. — Ecology 69: 1166-1175.

Spalinger, D.E. & Hobbs, N.T. 1992. Mechanisms of foraging in mammalian herbivores: new
models of functional response. — 7he Amer. Natural. 140: 325-348.

Spalinger, D.E. & Robbins, C.T. 1992. The dynamics of particle flow in the rumen of mule deer
(Odocoilleus hemionus hemionus) and elk (Cervus elaphus nelsoni). — Physiol. Zool. 65: 379-402.
Spalinger, D.E., Robbins, C.T. & Hanley, T.A. 1986. The assessment of handling time in ru-
minants: the effect of plant chemical and physical structure on the rate of breakdown of plant

particles in the rumen of mule deer and elk. — Can. /. Zool. 64: 312-321.

Spalinger, D.E., Robbins, C.T. & Hanley, T.A. 1993. Adaptive rumen function in elk (Cervus
elaphus nelsoni) and mule deer (Odocoileus hemionus hemionus). — Can. J. Zool. 71: 601-610.

Staaland, H., Jacobsen, E. & White, R.G. 1979. Comparison of the digestive tract in Svalbard
and Norwegian reindeer. — Arez. Alp. Res. 11: 457-466.

Staaland, H., Jacobsen, E. & White, R.G. 1984. The effect of mineral supplements on nutrient
concentrations and pool sizes in the alimentary tract of reindeer fed lichens or concentrates
during winter. — Can. J. Zool. 62: 1232-1241.

Staaland, H. & White, R.G. 1991. Influence of foraging Ecology on alimentary tract size and
function of Svalbard reindeer. — Can. J. Zool. 69: 1326-1334.

Steel, J.W. 2003. Effects of protein supplementation of young sheep on resistance development
and resilience to parasitic nematodes. — Aust. J. Exper. Agric. 43: 1469-1476.

Steel, J.W., Symons, L.E.A. & Jones, W.0. 1980. Effects of level of larval intake on the pro-
ductivity and physiological and metabolic responses of lambs infected with Trichostrongylus
colubriformis. — Aust. J. Agric. Res. 31: 821-838.

This journal is published under the terms of the Creative Commons Attribution 3.0 Unported License =
118 ciiorincriet Birgitta Ahman, Technical Editor Eva Wiklund and Graphic Design: Bertl Larsson, wwwrangiferjournal.com L) IR Ral‘lglfel’, 34; SPCC- Iss. No. 22, 2014


https://creativecommons.org/licenses/by/3.0/

Steele, J., Cuyler, C., Orsel, K. & Kutz, S.J. 2013. Differences in parasite diversity, prevalence,
and intensity assessed through analysis of fecal samples from two West Greenland caribou pop-
ulations. — Rangifer, 33, Special Issue 21: 177-181.

Stein, A., Irvine, R.J., Ropstad, E., Halvorsen, O., Langvatn, R. & Albon, S.D. 2002. The
impact of gastrointestinal nematodes on wild reindeer: Experimental and cross-section studies.
— J. Anim. Ecol. 71: 937-945.

Stimmelmayr, R. & White, R.G. 2000. Meal patterns in reindeer: implications for interpreting
feeding behavior in caribou. — Rangifer Special Issue 12: 149.

Stobbs, T.H. 1973a. The effect of plant structure on the intake of tropical pastures. I. Variation in
the bite size of grazing cattle. — Aust. J. Agric. Res. 24: 809-819.

Stobbs, T.H. 1973b. The effect of plant structure on the intake of tropical pastures. II. Differences
in sward structure, nutritive value, and bite size of animals grazing Setaria anceps and Chloris
gayana at various stages of growth. — Aust. J. Agric. Res. 24: 821-829.

Suttie, J.M. & Simpson, A.M. 1985. Photoperiodic control of appetite, growth, antlers and en-
docrine status of red deer. In: Fennessy, PE. & Drew, K.R. (eds.) Biology of Deer Production. Pp.
429-432. Royal Soc. New Zeal. Bull. No. 22.

Swift, D.M., Ellis, J.E. & Hobbs, N.T. 1980. Nitrogen and energy requirements of North Amer-
ican cervids in winter- A simulation study. In: Reimers, E., Gaare, E. & Skjenneberg, S. (eds.)
Proc. 2" Int. Reindeer and Caribou Symp. Pp. 244-251. Directoratet for vilt og ferskvannsfisk,
Trondheim, Norway. 799pp.

Syrjilid-Qvist, L. & Salonen, J. 1983. Effect of protein and energy supply on nitrogen utilization
in reindeer. — Acta Zool. Fenn. 175: 53-55.

Sermo, W., Haga, @.E., White, R.G. & Mathiesen, S.D. 1997. Comparative aspects of volatile
fatty acid production in the rumen and distal fermentation chamber in Svalbard reindeer. —
Rangifer 17: 81-95.

Taillon, J., Barboza, P.S. & Cété, S.D. 2013. Nitrogen allocation to offspring and milk produc-
tion in a capital breeder. — Ecology 94: 1815-1827.

Taillon, J., Brodeur, V., Festa-Bianchet, M. & C6té, S.D. 2011. Variation in body condition
of migratory caribou at calving and weaning: Which measures should we use? — Ecoscience 18:
295-303.

Thomas, D.C. 1982. The relationship between fertility and fat reserves of Peary caribou. — Can.
J. Zool. 60: 597-602.

Thompson, D.P. & Barboza, P.S. 2013. Response of caribou and reindeer (Rangifer tarandus) to
acute food shortages in spring. — Can. J. Zool. 91: 610-618.

Trudell, J. & White, R.G. 1981. The effect of forage structure and availability on food intake,
biting rate, bite size and daily eating time of reindeer. — /. Appl. Ecol. 18: 63-81.

Trudell-Moore, J. & White, R.G. 1983. Physical breakdown of food during eating and rumina-
tion in reindeer. — Acta Zool. Fenn. 175: 47-49.

Tyler, N.J.C. 1987. Body composition and energy balance of pregnant and non-pregnant Sval-
bard reindeer during winter. — Symp. Zool. Soc. London. 57: 203-229.

Tyler, N.J.C. & Blix, A.S. 1990. Survival strategies in Arctic ungulates. — Rangifer Special Issue
3:211-230.

Tyler, N.J.C., Fauchald, P, Johansen, O. & Christiansen, H.R. 1999. Seasonal inappetance
and weight loss in female reindeer in winter. — Ecol. Bull. 47: 105-116.

This journal is published under the terms of the Creative Commons Attribution 3.0 Unported License =
11 Eitorin chiek: gt Ahman, TechnicalEitr £va Wikund and Graphic Design: Bt Larson, wiwrangiferoumalcom =) IS Rangifer, 34, SPCC- Iss. No. 22, 2014


https://creativecommons.org/licenses/by/3.0/

Ulyatt, M.J., Dellow, D.W., John, A., Reid, C.S.W. & Waghorn, G.C. 1986. Contribution of
chewing during eating and rumination to the clearance of digesta from the ruminoreticulum.
In: Milligan, L.P.,, Grovum, W.L. & Dobson, A. (eds.). Control of Digestion and Metabolism in
Ruminants. Pp. 498-515. Prentice-Hall, Englewood Cliffs, NJ.

Van Es, A.J.H. 1978. Nutritional efficiency of protein and fat deposition. In: De Boer, H., Mar-
tin, J., (eds.) Patterns of Growth and Development in Cattle. Pp. 361-382. Current Topics in Vet.
Med: Vol. 2. Martinus Nijhoff-The Hague/Boston/London.

Van Houtert, M.E]J., Barger, I.A., Steel, J.W., Windon, R.G. & Emery, D.L. 1995. Effect of
dietary protein on responses of young sheep to infection with Zrichostrongylus colubriformis. —
Vet. Parasitol. 59: 163-80.

Van Oort, B.E.H., Tyler, N.J.C., Gerkema, M.P., Folkow, L., Blix, A. & Stokkan, K.-A. 2005.
Circadian organization in reindeer. — Nazure 438: 1095-1096.

Van Oort, B.E.H., Tyler, N.J.C., Gerkema, M.P, Folkow, L. & Stokkan, K.-A. 2007. Where
clocks are redundant: weak circadian mechanisms in reindeer living under polar photic condi-
tions. — Naturwissenschaften 94: 183-194.

Van Soest, P.J. 1982. Nutritional Ecology of the Ruminant. Cornell University Press, Ithaca, NY.

Van Soest, P.J., Robertson, J.B. & Lewis, B.A. 1991. Methods for dietary fiber, neutral detergent
fiber, and nonstarch polysaccharides in relation to animal nutrition. — /. Dairy Sci. 74: 3583-
3597.

Varo, M. & Varo, H. 1971. The milk production of reindeer cows and the share of milk in the
growth of reindeer calves. — Maataloushallinon Aikakauskirja 43: 1-10.

Wales, R.A., Milligan, L.P. & McEwan, E.H. 1975. Urea recycling in caribou, cattle and sheep.
In: Luick, J.R., Lent, PC., Klein, D.R. & White, R.G. (eds.) Proc. First Int’l. Reindeer and
Caribou Symp. - Biol. Pap. Univ. of Alaska Spec. Rep. 1: 297-307.

Walker, D.J., Egan, A.R., Nader, C.J., Ulyatt, M.J. & Storer, G.B. 1975. Rumen microbial
protein synthesis and proportions of microbial and non-microbial nitrogen flowing to the in-
testines of sheep. — Ausz. J. Agric. Res. 26: 699-708.

Walker, D.J. & Nader, C.]J. 1968. Method for measuring microbial growth in rumen content. —
Appl. Microbiol. 16: 1124-1131.

Webster, A.J.E. 1979. Energy metabolism and requirements. In: Church, D.C. (ed). Digestive Phys-
iology and Nutrition of Ruminants. Pp. 210-229. O & B Books, Inc., Corvallis, Oregon.

White, R.G. 1983. Foraging patterns and their multiplier effects on productivity of northern
ungulates. — Oikos 40: 377-384.

White, R.G. 1991. Validation and sensitivity analysis of the Porcupine Caribou herd model. In:
Butler, C.E. and Mahoney, S.P. (eds.) Proc. 4™ Nth. Am. Caribou Workshop. St. John’s, New-
foundland. Pp. 334-355.

White, R.G. 1992. Nutrition in relation to season, lactation and growth of north temperate deer.
In Brown, R.D. (ed.). 7he Biology of Deer. Pp. 407-417. Springer-Verlag, New York.

White, R.G., Bunnell, EL., Gaare, E., Skogland, T. & Hubert, B. 1981. Ungulates on Arctic
ranges. In: Bliss, L.C., Heal, O.W. & Moore, ].J. (eds.) Tundra Ecosystems: A Comparative Anal-
ysis. IBP Vol. 25: 397-483. Cambridge Univ. Press, Cambridge. 813pp.

White, R.G., Daniel, C.J. & Russell, D.E. 2013a. CARMA’s integrative modeling: historical
background of modeling caribou and reindeer biology relevant to development of an energy/
protein model. — Rangifer, 33, Special Issue 21: 153-160.

This journal is published under the terms of the Creative Commons Attribution 3.0 Unported License =
120 ditor in Chief: Bigitta Ahman, Technical Editor Eva Wiklund and Graphic Design: Bertl Larsson, wanwrangiferjournal.com L) IR Ral‘lglfel’, 34; SPCC- Iss. No. 22, 2014


https://creativecommons.org/licenses/by/3.0/

White, R.G. & Gau, A. 1975. Volatile fatty acid (VFA) production in the rumen and cecum of
reindeer. In: Luick, J.R., Lent, PC., Klein, D.R. & White, R.G. (eds.) Proc. First Int’l. Rein-
deer and Caribou Symp. - Biol. Papers, Univ. of Alaska Spec. Report 1: 284-289.

White, R.G., Gerhart, K.L., Russell, D.E. & van de Wetering, D. 2000. Composition of milk
during lactation. — Rangifer Special Issue 12: 148.

White, R.G., Holleman, D.E, Schwartz, C.C., Regelin, W.L. & Franzmann, A.W. 1984. Con-
trol of rumen turnover in northern ruminants. — Can. J. Anim. Sci. 64: 349-350.

White, R.G. & Luick, J.R. 1984. Plasticity and constraints in the lactational strategy of reindeer
and caribou. In: Peaker, M., Vernon, R.G. & Khnight, C.H. (eds). Physiological Strategies in
Lactation. Pp. 215-232. Symp. Zool. Soc. London No. 51, Academic Press.

White, R.G., Russell, D.E. & Daniel, C.J. 2013b. Modeling energy and protein reserves in
support of gestation and lactation: glucose as a limiting metabolite in reindeer and caribou. —
Rangifer, 33, Special Issue No. 21: 167-172.

White, R.G. & Staaland, H. 1983. Ruminal volatile fatty acid production as an indicator of
forage quality in Svalbard reindeer. — Acta Zool. Fenn. 175: 61-63.

White, R.G., Tallas, P.G. & Luick, J.R. 1990. Glucose and fatty acid oxidation in reindeer. —
Rangifer Special Issue 3: 207.

White, R.G., Thomson, B.R., Skogland, T., Person, S.]J., Russell, D.E., Holleman, D.F. &
Luick, J.R. 1975. Ecology of caribou at Prudhoe Bay, Alaska. In: Brown, J. (ed.). Ecological
Investigations of the Tundra Biome in the Prudhoe Bay Region, Alaska. - Biol. Pap., Univ.
Alaska Spec. Report 2: 151-201. http://www.archive.org/stream/ecologicalinvestO0brow#page/
nl/mode/2up.

White, R.G. & Trudell, J. 1980a. Habitat preference and forage consumption by reindeer and
caribou near Atkasook, Alaska. — Are. Alp. Res. 12: 511-529.

White, R.G. & Trudell, J. 1980b. Patterns of herbivory and nutrient intake of reindeer grazing
tundra vegetation. In: Reimers, E., Gaare, E, & Skjenneberg, S. (eds.). Proc. 2nd Intl. Reindeer
and Caribou Symp. Pp. 180-195. Directoratet for vilt og ferskvannsfisk, Trondheim, Norway.

White, R.G. & Yousef, M.K. 1978. Energy expenditure of reindeer walking on roads and on
tundra. — Can. J. Zool. 56: 215-223.

Whitten, K.R. 1996. Ecology of the Porcupine caribou herd. — Rangifer Special Issue 9: 45-52.

Whitten, K.R., Garner, G.W., Mauer, F.J. & Harris, R.B. 1992. Productivity and calf survival
of the Porcupine caribou herd. — . Wildl. Manage. 56: 201-212.

Wickstrom, M.L., Robbins, C.T., Hanley, T.T., Spalinger, D.E. & Parish, S.M. 1984. Food
intake and foraging energetics of elk and mule deer. — /. Wildl. Manage. 48: 1285-1301.

Witter, L.A., Johnson, C.]., Croft, B., Gunn, A. & Gillingham, M.P. 2011. Behavioural trade-
offs in response to external stimuli: time allocation of an Arctic ungulate during varying inten-
sities of harassment by parasitic flies. — /. Anim. Ecol. 81: 284-295.

Wolin, M.J. 1975. Interactions between the bacterial species of the rumen. In: McDonald, I.W.
& Warner, A.C.1. (eds.) Digestion and Metabolism in the Ruminant. Pp. 135-148. Univ. of New
England Publishing Unit, Armidale, NSW, Australia.

Young, B.A. & Corbett, J.L. 1972. Maintenance energy requirement of grazing sheep in relation
to herbage availability. 1. Calorimetric estimates. — Aust. J. Agric. Res. 23: 57-76.

This journal is published under the terms of the Creative Commons Attribution 3.0 Unported License =
121 itori chiet: Birgitta Ahman, Technical Editor Eva Wiklund and Graphic Design: Bertl Larsson, wwwrangiferjournal.com L) IR Ral‘lglfel’, 34; SPCC- Iss. No. 22, 2014


https://creativecommons.org/licenses/by/3.0/
http://www.archive.org/stream/ecologicalinvest00brow#page/n1/mode/2up

Appendix 1

Variable name is associated with current value in model together with its unit and description.

Variable Name | Current Value | Units Description
(Read-only)
DEBY 20 kJ/g Digestible energy associated with bypass
DECC 20 kJ/g Digestible energy associated with cell content
DECW 13 kd/g Digestible energy associated with cell wall
EANTLCO 18 kd / Coefficient converting body weight to daily energy
(kg0.75- requirement for antler production
day)
EBMRCO 293 kd / Coefficient for calculating basal metabolic rate
(kg0.75-
day)
ECONCOAT 0 [Not used?]
ECONFAT 37.7 kJ/g Energy content of fat
ECONFI 20.5 kJ/g Gross energy content of forage intake
ECONPRO 23.6 kJ/g Energy content of protein
ENDAYAN 244 Julian Day | End day of the period during which antler production
occurs
ENDAYCT 244 Julian Day | End day of the period during which coat production
occurs
ENDAYGES 153 Julian Day | End day of gestation period
ENDAYLAC 287 Julian Day | End day of lactation period
ENDAYSC 152 Julian Day | End day of the period during which winter scurf pro-
duction occurs
ENDAYSUM 212 Julian Day | End day of the period during which summer protein
gain occurs
ESCRFCO 50.2 [Not used?]
FATMOBRT 250 g/day Rate at which fat can be mobilized
HREEAT 1.88 kJ/(kg-h) Hourly net energy requirement of eating
HRELIE 0 kJ/(kg-h) | Hourly net energy requirement of lying
HREPAW 4 kJ/(kg-h) | Hourly net energy requirement of pawing
HRERUN 15.36 kd/(kg-h) Hourly net energy requirement of running
HRESTD 0.45 kJ/(kg-h) Hourly net energy requirement of standing
HREWLK 4.22 kJ/(kg-h) Hourly net energy requirement of walking
KPNDMIN 0.02 Propn Minimum hourly passage rate of non-digestible materi-
al from the rumen
LACTIN 0 0/1 Specifies whether or not the animal is lactating at the
start of the run (0-no, 1-yes)
LACTYR 1 0/1 Specifies whether animal lactates during the lactation
period (0-no, 1-yes)
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Variable Name | Current Value | Units Description
(Read-only)
MENCO 0.2 gN/ Coefficient converting fecal production to daily fecal
(g-day) nitrogen loss
NANTLCO 0.02 gN/ Coefficient converting body weight to daily nitrogen
(kg0.75- requirement for antler production
day)
NCOATCO 0.054 gN/ Coefficient converting body weight to daily nitrogen
(kg0.75- requirement for coat production
day)
NCONPRO 0.16 Propn Nitrogen content of protein
NEUNCO 0.115 gN/ Coefficient converting metabolic body weight to daily
(kg0.75- endogenous nitrogen
day)
NFETCO 0.63 gN/ Coefficient converting fetus weight to daily nitrogen
(kg0.75- requirement
day)
NSCRFCO 0.00053 gN/ Coefficient converting body weight to daily nitrogen
(kg0.75- requirement for winter scurf production
day)
PBYN 0.95 Propn Proportion of bypass nitrogen that can be absorbed
PCONFET 0.55 Propn Proportion of the conceptus weight that is the fetus
PCONIN 0 [Not used]
PCWN 0.8 Propn Proportion of cell wall nitrogen that can be absorbed
PDOM 0.88 Propn Proportion of the digestible material that is dry organic
matter
PDPN 0.85 Propn Proportion of degradable protein nitrogen that can be
absorbed
PFATDEP 0.4 Propn Target proportion of energy deposited as fat
PFATIN 0.066 Propn Proportion of body weight that is fat at the start of the
run
PFATMIN 0.03 Propn Minimum proportion of body weight that must be fat
PFATWAT 0.18 Propn Proportion of fat that is replaced by water
PFETFAT 0.021 Propn Proportion of the fetus weight that is fat
PMCDOM 0.035 Propn/h Ratio of microbial nitrogen to dry organic matter in the
rumen
PMCN 0.8 Propn Proportion of microbial nitrogen that can be absorbed
PMEBY 0.9 Propn Proportion of bypass that can be absorbed and meta-
bolized
PMECC 0.9 Propn Proportion of digestible energy of cell content that can
be metabolized
PMECW 0.82 Propn Proportion of digestible energy of cell wall that can be
metabolized
PMUSPRO 0.29 Propn proportion of muscle weight that is dry protein
PMUSWAT 0.71 Propn proportion of muscle that is replaced by water
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Variable Name | Current Value | Units Description
(Read-only)

PPROIN 0 [Not used]

PPROMIN 0.15 Propn Minimum proportion of body weight that must be dry
protein

PRCAP 0.045 Propn Rumen dry matter capacity as proportion of empty
body weight

PREGIN 1 0/1 Specifies whether or not the animal is pregnant at the
start of the run (0-no, 1-yes)

PREGYR 1 01 Specifies whether animal lactates during the gestation
period (0-no, 1-yes)

PROMOBRT | 200 g/day Rate at which protein can be mobilized

PRUMDRY 0.166 Unitless Ratio of dry to wet rumen contents

PRUMGUT 0.83 Unitless Ratio of weight of wet rumen contents to the total gut
weight

PTPCWXMAX | 0.055 Propn nitrogen content where proportion of true-protein N
intake in cell wall reaches a maximum

PTPCWXMIN | 0.015 Propn nitrogen content where proportion of true-protein N
intake in cell wall reaches a minimum

PTPCWYMAX | 0.3 Propn maximum proportion of true-protein nitrogen intake
that is cell wall

PTPCWYMIN | 0.1 Propn minimum proportion of true-protein nitrogen intake that
is cell wall

PTPNDIG 0.92 g/h true-protein nitrogen digestibility

PUPN 0.95 Propn proportion of undegradable protein nitrogen that can
be absorbed

PWATIN 0 [Not used]

PWATMAX 0.15 Propn [Not used]

RNCCTANX- | 0.7 Propn BSA level where reduction in cell contents N digestibili-

MAX ty is maximum due to tannins

RNCCTANX- | 0.006 Propn BSA level where reduction in cell contents N digestibili-

MIN ty is minimum due to tannins

RNCCTANY- 0.013 Propn Maximum reduction in nitrogen digestibility of cell con-

MAX tent due to tannins

RNCCTANY- 0 Propn Minimum reduction in nitrogen digestibility of cell con-

MIN tent due to tannins

SDPROP 0.75 Propn Proportion of snow depth to which cow sinks

STDAYAN 153 Julian Day | Start day of the period during which antler production
occurs

STDAYCT 153 Julian Day | Start day of the period during which coat production
occurs

STDAYGES 283 Julian Day | Start day of gestation period

STDAYLAC 154 Julian Day | Start day of lactation period
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Variable Name | Current Value | Units Description
(Read-only)

STDAYSC 245 Julian Day | Start day of the period during which winter scurf pro-
duction occurs

STDAYSUM 182 Julian Day | Start day of the period during which summer protein
gain occurs

WTBODYIN 90 kg Body weight of animal at the start of the run

WTTBIR 6.13 kg Target birth weight
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