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ABSTRACT T rends in  population grow th can be m onitored w ith  data for key vital rates w ithou t knowledge 
o f  abundance. A lthough  adult female survival has the highest elasticity for ungulate population dynamics, the 
m ore variable recruitm ent rates are com monly m onitored to track local variation in grow th rates. Specifically, 
recruitm ent is often measured using late w inter youngradult age ratios, though  these age ratios are difficult to 
reliably interpret given the contribution o f  m ultiple vital rates to annual ratios. W e show th a t the 
supplem entation o f  age ratio data w ith  concurrent radio-telem etry m onitoring o f  adult female survival 
allows bo th  retrospective estim ation o f  empirical population grow th rates and the decom position o f  
recruitm ent-specific vital rates. W e dem onstrate the estim ation o f  recruitm ent and population grow th rates 
for 1 w oodland caribou population using these m ethods, including elasticity and life-stage sim ulation analysis 
o f  the relative contribution o f  adult female survival and recruitm ent rates to  variation in  population growth.
W e  show, for this w oodland caribou population, tha t adult female survival and recruitm ent rates w ere nearly 
equivalent drivers o f  population growth. W e recom m end the concurrent m onitoring o f  adult female survival 
to  reliably interpret age ratios w hen m anaging caribou and other ungulates. © 2011 T h e  W ildlife Society.
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M onitoring  population trends is fundam ental to  species 
conservation. A bundance estimates are ideal for m onitoring 
population dynamics, hu t are often challenging to  reliably 
obtain for species tha t are difficult to count due to rarity, 
uneven distributions, or poor detectability. Because knowl­
edge o f  population trend may he as valuable for conservation 
as abundance per se, and estimates o f  trend do not necessarily 
require estimates o f  abundance, trend estimates are a com ­
m on surrogate for abundance in conservation planning. 
D em ographic models allow the estim ation o f  population 
grow th rates using vital rates w ithou t requiring knowledge 
o f  abundance, and in closed populations key vital rates can 
reduce to survival and recruitm ent (H a tte r and Bergerud 
1991, D anchin  et al. 1995, W h ite  and Bartm ann 1998, 
Caswell 2001).

Recruitm ent is com monly m onitored w ith  youngradult age 
ratios derived from  harvest and survey data, particularly for 
populations o f  birds (Kaminski and G luesing 1987, M enu 
et al. 2002) and ungulates (Roseherry and W o o lf  1991, 
M onello et al. 2001, W h ite  et al. 2001, B right and 
H ervert 2005, H egel et al. 2010). Several authors have 
cautioned th a t age ratios alone are not sufficient for popula-
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tion  m onitoring (Caughley 1974, M cC ullough 1994, W hite  
and B artm ann 1998), though  they have been shown to he 
positively correlated w ith  population grow th rates for elk 
under some conditions (H arris et al. 2008). W e consider age 
ratios collected near the end o f  the biological year (e.g., late 
w inter for ungulates th a t b irth  in  spring), w hen juveniles are 
considered as recruited to the adult population. These ratios 
are difficult to  in terpret w ith  specific reference to population 
grow th or vital rates given th a t they can he influenced by 
m ultiple contributing vital rates. T h e  num erator, or num ber 
o f  young at the tim e o f  survey, is the product o f  the age- 
specific fecundity o f  adult females (which is itself the product 
o f  pregnancy rate, fetal survival, and litter size) and the 
survival o f  young to the tim e o f  survey, whereas the denom i­
nator, or num ber o f  adults at the tim e o f  survey, is affected by 
the age-specific survival rates o f  adults since the b irth  pulse. 
T h e  interpretation o f  ungulate recruitm ent rates using age 
ratios is further com plicated by an unknow n age structure o f 
breeding- and nonhreeding-aged adults, given a m inim um  
age o f  first reproduction o f  2-years-old. T rained observers 
may not he able to reliably differentiate nonhreeding year­
lings (1 to  2-year-olds) and breeding-aged adults (>2-year- 
olds) in the total count o f  adult females, especially during 
aerial surveys (Sm ith and M cD onald  2002).

D espite these complications in interpreting age ratios, 
H arris et al. (2008) found tha t 96% o f  the variation in
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sim ulated age ratios for elk {Cervus elaphus) was explained 
by variation in a single vital rate, calf survival. Consequently, 
in populations w here calf survival is the vital rate 
m ost predictive o f  population grow th rates (GaiUard et al. 
2000, Raithel et al. 2007), age ratios alone may be suitable 
for m onitoring population trends. For long-lived, iteropar- 
ous species such as ungulates, the elasticity o f  population 
grow th rates is typically highest in adult female survival 
(Gaillard et al. 2000), bu t variation in this im portant 
vital rate is expected to  be m inim ized by evolutionary 
adaptation (Pfister 1998, Gaillard and Yoccoz 2003). T he 
survival, or recruitm ent, o f  young generally has higher 
variance than th a t o f  adults (Gaillard et al. 1998), w hich 
affords this vital rate subsequently greater correlation to 
realized population grow th rates (Gaillard et al. 2000, 
Raithel et al. 2007). However, additional dem ographic 
analyses have revealed th a t th e  variance o f  vital rates and 
their resultant im portance to  population grow th rates can 
vary across populations w ith in  species and across tim e 
or space w ith in  populations (Albon et al. 2000, M orrison 
and H ik 2 0 0 7 , Ezard et al. 2008, Nilsen et al. 2009, Johnson 
et al. 2010). Furtherm ore, the im portance o f  adult survival 
in explaining ungulate population grow th rates may be 
accentuated in declining or endangered populations 
experiencing patterns o f  adult survival th a t are lower or 
m ore variable than  would have been evolutionarily stable 
(O w en-S m ith  and M ason 2005, N ilsen et al. 2009, Johnson 
et al. 2010). T his highlights the potential im portance o f  
m onitoring bo th  recruitm ent and adult survival for complete 
depiction o f  population trend. W e show th a t concurrent 
m onitoring o f  adult survival using radio-telem etry supple­
m ents age ratio data sufficiently to  alleviate the initial con­
cerns o f  Caughley (1974) and M cC ullough (1994) and 
allows the estim ation o f  bo th  recruitm ent and population 
grow th rates.

A nnual population estimates o f  a threatened ungulate, 
w oodland caribou {Rangifer tarandus cariboii), would 
inform  recovery planning under Canada’s Species at Risk 
A ct (SARA), bu t m onitoring o f  w oodland caribou 
abundance is difficult due to their low density, small group 
sizes, and low  sightability in densely forested habitat. 
In  A lberta and other jurisdictions, m onitoring o f  woodland 
caribou has focused on the m onitoring o f  adult female 
survival and age ratios, from  w hich population grow th rates 
have been estim ated (M cLoughlin et al. 2003). W e use 
m onitoring data from  a population o f  w oodland caribou 
in A lberta as a case study for developing dem ographic models 
o f  population grow th w ith  adult female survival and age 
ratio data. W e  dem onstrate the estim ation o f  population 
grow th w ith  2 m ethods. H atte r and Bergerud’s (1991) 
B J M  equation and m atrix population models. F or use 
w ith  m atrix models, we show the proper adjustm ent o f  
age ratio data to  isolate adult female recruitm ent rates. 
Lastly, we use adult survival, age ratio, and age o f  first 
reproduction data to conduct a life-stage sim ulation analysis 
(LSA; W isdom  et al. 2000), assessing the relative im portance 
o f  each vital rate to population grow th for a single w oodland 
caribou population.

STUDY AREA
W e studied vital rates and population grow th for the A  la 
Peche w oodland caribou population in the Rocky M ountains 
o f  w est-central A lberta. T h e  A  la Peche population trad i­
tionally m igrates between an alpine sum m er range in pro­
tected areas 0asper N ational P ark  and the W illm ore 
W ilderness Area) and a forested foothill w inter range east 
o f  park  boundaries, though  individuals can exhibit sedentary 
behavior in bo th  w inter and sum m er ranges (M cD evitt et al.
2009). T h e  eastern portion o f  the range has been m odified by 
industrial land use such th a t 59% o f  the population’s range 
outside o f  protected areas is w ith in  500 m  o f  an an thropo­
genic feature (e.g., road, seismic line, or forest harvest unit; 
A lberta Sustainable Resource D evelopm ent and A lberta 
Conservation Association [A SR D  and A C A ] 2010). W o lf  
{Canis lupus) population control was conducted to  benefit a 
neighboring caribou population in an area overlapping the 
eastern boundary o f  the A  la Peche w inter range during 
2006-2009 (A SR D  and A C A  2010). Caribou are protected 
from  hunting  w ith in  the national parks, and licensed hunting  
o f  the A  la Peche population, w hen outside o f  the park, was 
discontinued in  1981. Forested habitats included upland 
lodgepole pine {Pinus contorta), spruce {Picea spp.) and aspen 
{Populus tremuloides) mixed forests, and lowland black spruce 
{Picea mariand) muskegs.

METHODS

The RJM  Equation
H atte r and Bergerud (1991) derived the  following equation 
(the R J M  equation) as a means o f  retrospectively estim ating 
population grow th (k), recruitm ent (R), or either m ortality 
{M) or survival ( 5 = 1 — M )  rates for a given year, w hen at 
least 2 o f  these 3 rates are known:

A, =
(1 -M ) S 
(1 -R ) ^  (1 -R ) (1)

T h e  R JM  equation was originally proposed as a comple­
m entary means for estim ating grow th rates in concert w ith  
surveys o f  abundance (e.g., Patterson et al. 2002), bu t has 
since been applied to m onitor populations lacking abundance 
data. I t  has been used to estimate population trends for deer 
{Odocoileus spp.; Patterson et al. 2002), elk (Kunkel and 
Pletscher 1999), moose {Alces aloes', Hayes et al. 2000), 
and caribou (M cLoughlin et al. 2003, H ebblew hite et al. 
2007, Sorensen et al. 2008), and is a cornerstone o f  A lberta’s 
caribou m onitoring and recovery plan (A SR D  and A C A  
2010). A lthough  H atte r and Bergerud (1991) specified 
bo th  m ale- and female-based models, we focus specifically 
on fem ale-only models.

T his model is conveniently designed to estim ate the re­
cruitm ent rate, R r m >  using age ratio data collected at the 
end o f  a biological year, w hen the survival o f  juveniles is 
assumed to becom e equal to  th a t o f  adults (H atte r and 
Bergerud 1991). T h e  age ratio, X , is com monly estim ated 
as the num ber o f  juveniles, «j, per adult female,
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observed at the end o f  a m easurem ent year, such that

n {̂ 2 n {̂
(2)

w here X /2  estimates num ber o f  female juveniles, wjfper adult 
female assuming a 50:50 sex ratio. A lthough studies o f  
caribou population trend  have occasionally treated X I2  
and i?RM as equal (M cLoughlin et al. 2003, H ebblew hite 
et al. 2007), proper adjustm ent o f  X I2  to a juveniles/ 
(juveniles +  adults) ratio is necessary, according to

.  (2f/2)
ARM =  =  ■Ui 1 +  ( Xj l ) (3)

w here =  wjf +  or the total num ber o f  females o f  all 
age classes, including juveniles, counted at the end o f  the 
m easurem ent year. Failure to  make this adjustm ent has 
resulted in overestimates o f  recruitm ent and optim istic esti­
mates o f  population growth.

Additionally, for ungulates the count includes bo th  
breeding adult females and nonbreeding yearlings and sub­
adults, given th a t the age o f  first reproduction is >2-years 
old. T h e  R I M  m odel does not require knowledge o f  age 
structure or age-specific fecundity and instead grow th rates 
are estim ated treating recruitm ent as the simple proportion 
o f  recruits in  the total population o f  females (equation 3). 
T hus, the  inclusion o f  nonbreeding-aged adults in  the re­
cruitm ent denom inator is appropriate for this model. 
However, this inclusion o f  bo th  breeding-aged and non- 
breeding-aged adults in the denom inator o f  age ratios com ­
plicates estim ation o f  stage-specific recruitm ent rates 
necessary for using structured dem ographic models such as 
stage- or age-based m atrix population models.

Matrix Population Models
W e also estim ated population grow th rates using matrix 
models, w hich can project age- or stage-structured fe­
m ale-only populations using survival and recruitm ent vital 
rates (Caswell 2001). I f  we assume, as we do w hen using the 
B J M  equation, th a t survival is equal across all nonjuvenile 
age classes, then  the appropriate dimensions o f  a stage-based 
matrix for ungulates are a function o f  age-specific fecundity, 
or m ore simply the age o f  first reproduction. T hough  yearling 
pregnancy in caribou can approach 100% under optim al 
conditions (O uellet et al. 1997), caribou on average may 
have an older age o f  first reproduction than typical o f  other 
ungulates. Studies o f  bo th  w oodland and tundra-dw elling 
caribou have found 3-years old to be the m ost com m on age o f  
first reproduction (range 2 -6 ; Parker 1981, M essier et al. 
1988, Fancy et al. 1994, Adam s and D ale 1998).

For simplicity o f  presentation we treat age o f  first repro­
duction as 2-years-old and begin w ith  a 2-stage, p re-birth  
pulse, fem ale-only matrix model A , for a given tim e step, /, 
and a stage-structured population vector, «(/). W e estimate 
caribou population grow th according to

X{t) =
A{t )  X n{t) 

n{t) (4)

A{t )  = 0  F ^ p f S ] 6  . f ^ 2 - s t a g e

S y  5 a , 5 a  5 a

and

n{t) = P j i ^ ) P y { t )

\ - p y { t )

(5)

(6)

w here the survival o f  yearlings, Sy is assumed to  be equal to 
adult survival, S^, the recruitm ent o f  12-m onth-o ld  females 
to  the population, /?2 -stage> is the product o f  adult female 
fecundity, F^, the proportion o f  juveniles th a t are female, p{, 
and the  first-year survival o f  juveniles, <Sj, and the age struc­
ture o f  the population «(/) is a function o f  the proportion o f 
the population entering the tim e step as nonbreeding year­
lings, py{t), and breeding adults, pj^t). For retrospective 
assessment o f  population grow th w ith  matrix models given 
a set o f  empirical vital rates, equation 4 is preferable to 
estim ating the dom inant eigenvalue o f  a given projection 
m atrix because it specifies a transient population age struc­
ture rather than  assuming an asymptotic stable age structure 
(Fox and G urevitch 2000).

D eC esare et al. (2011) showed tha t R  for m atrix models 
should be estim ated as the num ber o f  juveniles at the end o f 
the tim e step per breeding adult present at the beginning o f 
the tim e step. T hey  decreased the num erator o f  caribou age 
ratios to account for a 50:50 sex ratio and the survival o f 
juveniles from  the tim e o f  survey to the com pletion o f  the 
tim e step, and they increased the denom inator using the 
survival rate o f  adults from  the beginning o f  the tim e step to 
the tim e o f  survey. A ssum ing, as we did above for the R JM  
equation, tha t survival o f  all age classes is equivalent to  adult 
survival for the rem ainder o f  the biological year after the tim e 
o f  survey, this adjustm ent reduced to R =  ( X j 2 )  x  5a 
(D eC esare et al. 2011). However, although D eC esare 
et al. (2011) attem pted to identify and exclude yearlings 
in  the collection o f  their age ratio data, the denom inator 
in  m ost ungulate age ratio data includes yearling females in 
the count o f  adults (Sm ith and M cD onald  2002), w hich were 
incapable o f  giving b irth  at the beginning o f  the tim e step. 
A lthough  suitable for estim ating recruitm ent w hen using the 
R / M  equation, the inclusion o f  yearlings is inappropriate for 
our m atrix model (equation 5), w hich requires an estim ate o f 
the per-capita contribution to recruitm ent o f  breeding 
females, specifically. T hus, an additional adjustm ent is re­
quired to  remove the proportion o f  yearlings, or perceived 
adults w hich have not reached the age o f  first reproduction, 
to  estim ate the appropriate recruitm ent rate o f  breeding-age 
adults as

R-2 “ Stage
{X/2)

(7)

T h e  proportion o f  yearlings entering a given tim e step, /, 
can be estim ated using the adjusted age ratio o f  the previous 
tim e step, /  — 1, where

Pyi^)
( 2 f i - i /2 )  

l  +  (2 C _ i/2 )
(8)
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Thus, an adjusted recruitm ent term  for use in  matrix 
models, i?2 -stage> is estimable for all years w hen the age ratio 
is available for bo th  the year o f  interest and the previous year. 
W ith  the assum ption tha t survival is equal across nonjuvenile 
age classes (i.e., Sy =  SJ ,  as held in equation 5, all age 
structure (/>y[/]) term s cancel out w hen estim ating X, and 
equation 4 becomes numerically equivalent to equation 1, the 

equation. In  o ther words, population grow th rate esti­
mates from  equations 4—7 are insensitive to  age structure 
w hen the included matrix population m odel lacks age- 
specific differences in  vital rates. F or each pair o f  annual 
estimates o f  Sj^i) and X(/), equivalent estimates o f  X can he 
achieved using either equation 1 or equation 4 (substituting 
any value for 7>y[/]). However, the  recruitm ent term  itself, 
7?2-stage> w hich varies according to py{i), will not he in ter- 
pretahle w ithou t consecutive years o f  age ratio data to  p rop­
erly estim ate ^y(/) using equation 8. Interpretahle estimates 
o f  T? 2 - s ta g e  will he necessary i f  the user wishes to isolate the 
contribution o f  recruitm ent parameters from  those o f  age 
structure and S^ to age ratios, or to  estim ate means or process 
variances o f  recruitm ent parameters, specifically.

T o  treat age o f  first reproduction as 3-years-old, these 
m ethods can he extended to a 3-stage matrix m odel by 
adding an additional nonhreeding suhadult stage, such that

0 0 
0

0 &

R■3 “ Stage 

0 
â

n{t) =

■̂ 3“stage —
{X/2)

(1 p y  y>s)/'Sa

and

/ \ /yz -l 
^  1 +  (X,_i/2)

(9)

(10)

(11)

(12)

w here^y(/) is estim ated using equation 8, and the proportion 
o f  suhadults tha t entered the tim e step, ps{t), is estim ated 
using the age ratio and estim ate o f  py{t — 1). In  total, 
estim ation o f  an interpretahle value o f  7?3_stage requires 3 
consecutive years o f  data, though  population grow th rates 
can still he estim ated w ith  vital rates for a single year using 
equations 4 and 9-11. A nnual population grow th rates esti­
m ated w ith  the 2-stage (equations 4—7) or 3-stage 
(equations 4 and 9-11) models will he equivalent, hu t re­
cruitm ent rates will vary according to  the proportion o f  the 
perceived adult population assumed to  he o f  actual breeding 
age.

Case Study: Estimating A. for W oodland Caribou
Empirical v ita l rates and growth rates.— W e m onitored the 

survival and recruitm ent o f  the A  la Peche w oodland caribou 
population during 1998-2009. W e m onitored survival o f  
>  1.5-year-old females by capturing animals using helicopter

net gunning and fitting captured animals w ith  very high 
frequency and global positioning system telem etry collars 
(A SR D  and A C A  2010). A nim al use protocols w ere ap­
proved by the University o f  M ontana Institu tional A nim al 
C are and Use C om m ittee; A nim al Use Protocol 059- 
09M H W B -122209). W e m onitored recruitm ent w ith  late 
w inter helicopter surveys docum enting calf/cow age ratios 
w ith  the counts o f  cows including b o th  yearling and adult 
females (Sm ith and M cD onald  2002, A SR D  and A C A
2010). R ecruitm ent surveys targeted caribou groups contain­
ing at least 1 radio-coUared adult female and included an 
average o f  99.7 (SD  =  26.0) individuals in 14.2 (SD  =  4.0) 
groups per year.

W e  estim ated annual adult female survival rates, 5a(/), for 
each biological year (1 M ay-30  April) using Pollock et al.’s 
(1989) staggered-entry m odification o f  Kaplan and M eier’s 
(1958) survivorship model. W e estim ated caribou age ratios 
according to equation 2 and estim ated recruitm ent for use 
w ith  the R J M  equation and matrix models according to 
equations 3 (A rm ), 7 ( ^ 2 -stage), and 11 (Rs-stage)- F or 2 years 
(1998 and 1999) w hen only late fall survey data were avail­
able, we reduced calf counts by an additional 15% as esti­
m ated by com paring years w ith  bo th  late fall and late w inter 
survey data (Sm ith 2004). W h en  adults counted during 
surveys were not classified according to  sex (due to  dense 
forested cover and low sexual dim orphism ; G eist and Bayer 
1988), we partitioned unclassified adults as 65% female and 
35% male following Sm ith (2004). L inear regression 
revealed no significant bias in annual age ratio estimates 
caused by annual variation in the proportion o f  unclassified 
adults {p =  —0.057, P  =  0.34). W e estim ated annual pop­
ulation grow th rates using each dem ographic model and used 
the geom etric m ean o f  annual grow th rates to estimate the 
overall average annual grow th rate. In  addition to  estim ating 
empirical grow th rates for the A  la Peche population, we also 
sim ulated a range o f  survival and recruitm ent values observed 
in other w oodland caribou populations in A lberta (A SRD  
and A C A  2010) to visually depict the potential range o f 
transient population grow th rates given input vital rates.

Elasticity and life-stage simulation analyses.— W e calculated 
analytical elasticities o f  adult survival and recruitm ent vital 
rates using a 2-stage matrix model (equation 5) param eter­
ized w ith  the geom etric m ean survival and recruitm ent values 
o f  the A  la Peche w oodland caribou population. W e con­
ducted elasticity analysis using the M A T L A B  (The 
M athW orks, Natick, M A ) code vitalsens.m, provided by 
M orris and D oak  (2002). W e  used life-stage sim ulation 
analysis (LSA) to incorporate empirical measures o f  vital 
rate variation into the  assessment o f  vital rate im portance 
(W isdom  et al. 2000). W e used LSA  to estimate the relative 
contribution o f  adult survival, recruitm ent, and age o f  first 
reproduction to determ inistic, or asymptotic, population 
grow th rates.

Stochastic sim ulations o f  vital rates, as conducted w ith  
LSA, should simulate the variation o f  vital rates according 
to the process, or environm ental, variance after excluding the 
contribution o f  sampling error to raw estimates o f  variance 
(W hite 2000). W e isolated the process variance o f  adult
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survival am ong years using program  Kendall.m  in M A T L A B  
v.7.9.0 (Kendall 1998, M orris and D oak 2002). T o  account 
for censoring in  our survival data, we first estim ated the 
w ithin-year means and variances o f  adult female survival 
using nonparam etric m ethods (Greenw ood 1926, Pollock 
et al. 1989), and we then  adjusted the input annual sample 
sizes o f  animals and survival events to produce equivalent 
m ean and variance estimates using a binom ial variance esti­
m ator (M orris and D oak 2002). W e tested sets o f  2,500 
possible means and variances w ith  each run o f  Kendall.m, 
and we iteratively re-ran  the program  manually refining the 
lim its on means and variances until we reached a consistent 
best estimate. T o  estimate the w ithin-year variance o f  re­
cruitm ent, w e treated each group o f  animals observed during 
an annual survey as the sample un it (Bowden et al. 1984). W e 
then removed the effect o f  adult survival and age structure 
from  age ratio data by adjusting the num erators and denom ­
inators o f  the calf/cow ratios o f  each group observed during 
annual surveys to group-specific estimates o f  i?2 -stage a.ccord- 
ing to equation 7. W e then  used the variance o f  ratios 
estim ator (Cochran 1977, Krehs 1989) to estimate the vari­
ance o f  the recruitm ent term , 7?2-stage> per yea.r as

Var(i^) =

(50 ) 21̂ 2-stage (50 âf) L 1̂ 2-stage (50 âf )
n„—\

(13)

where wjf and are counts o f  juveniles and adult females per 
group, «g =  the num ber o f  groups surveyed and f  =  tig/Ng, 
or the sampling fraction o f  the num ber o f  groups surveyed 
divided by the to tal num ber o f  groups in the population. For 
each annual estimate o f  f  we calculated Ag by dividing a 
reported population estimate o f  150 individuals in the  A  la 
Peche population (A SR D  and A C A  2010) by the mean 
num ber o f  animals per group for a given year. For 1 year 
(2002) w hen per-group age ratio data were unavailable we 
estim ated w ithin-year variance using the m ean value o f  all 
o ther years. W e then  isolated the process variance o f  ̂ 2 -stage 
according to  W h ite  (2000) using program  W hite .m  in 
M A T L A B  v.7.9.0, as provided by M orris and D oak (2002).

W e created beta distributions for adult survival and recruit­
m ent w ith  m ean and process variance estimates and drew a 
set o f  100,000 stochastic vital rate com binations using pro­
gram M A T L A B  (M orris and D oak  2002). W e used previ­
ously published data (Adams and D ale 1998) to estim ate the 
frequency o f  age o f  first reproduction values o f  2 - (22.5%), 
3 - (58.3%), 4 - (14.8%), 5- (3.0%), and 6-years old (1.5%) for 
female caribou, after accounting for animals th a t did not 
breed before either death or the end o f  the study. W e 
estim ated asym ptotic population grow th rates (kj; M orris 
and D oak  2002) from  the set o f  100,000 stochastic and 
^ 2 -stage values by inserting them  into 2-, 3-, 4-, 5-, and 
6-stage matrix models, w ith  respective m atrix model fre­
quencies according to this distribution in age o f  first repro­
duction. For each matrix model, recruitm ent was set to  zero 
for all age classes except the oldest one, for w hich we

param eterized recruitm ent by stochastic values o f  ^ 2 -stage- 
O ur distribution o f  ^ 2 -stage recruitm ent values specifically 
estim ated the contribution o f  breeding-aged adults to annual 
recruitm ent assuming an age o f  first reproduction o f  2-years 
old, h u t we applied stochastic ^ 2 -stage values to 2 to  6-stage 
matrices to assess the effect o f  age o f  first reproduction given 
equal distributions o f  recruitm ent per breeding-aged adult. 
T his created a data set o f  population grow th rates accounting 
for empirical estimates o f  environm ental variance in all 3 vital 
rates. W e then  used linear regression to assess the coefficient 
o f  determ ination, r^, for 3 models predicting sim ulated 
population grow th rates as a function 3 vital rates (adult 
survival, recruitm ent, and a set o f  indicator variables for the 
age o f  first reproduction) to assess the percentage o f  vari­
ability in population grow th rates explained by each vital rate 
(W isdom  et al. 2000).

RESULTS
W e docum ented 19 mortalities o f  87 captured individuals 
and m onitored an average o f  23 adult female w oodland 
caribou per year (range 18-32) during 1998-2009. T h e  
geom etric m ean o f  annual survival rates was 0.912 and 
11% o fth e  total variance (V a r[5 j =  0.00488) was attributed 
to process variance {¥^[8^] =  0.000526). Late w inter com­
position surveys included an average o f  100 individuals o f  all 
sex and age classes, w ith  a geom etric mean calf/cow ratio o f 
0.166 either-sex calves per cow (range 0.068-0.303). C alf/ 
cow ratio data resulted in 3 different geom etric mean 
estimates o f  recruitm ent depending on the dem ographic 
model used (A rm  =  0.0796, ^ 2 -stage =  0.0867, and 
Rs-stage =  0.0898; Table 1). W e  attributed 73% o f  the  total 
variance ( V a r [ / ? 2 - s ta g e ]  =  0.00109) in recruitm ent rates to 
process variance ( F c [ R 2 -s ta g e )  =  0.000795). Population 
grow th rates using each m ethod were equivalent 
(Table 1), w ith  a geom etric m ean annual grow th rate o f 
0.998 (range 0.862-1.078). T h e  distribution o f  potential 
transient grow th rates varied according to bo th  vital rates 
(Fig. 1).

Elasticities o f  recruitm ent and adult survival for the 2-stage 
matrix m odel were 0.0744 and 0.926, respectively. 
Coefficients o f  determ ination (r^) from  our life-stage sim u­
lation analysis revealed tha t 54.0% o f  the variation in deter­
m inistic grow th rates was explained by the adult survival rate, 
followed by 43.3% explained by the recruitm ent rate, and 
1.7% explained by the age o f  first reproduction.

DISCUSSION
W e dem onstrated th a t age ratios could he used to retrospec­
tively estimate empirical population grow th rates using 
H atte r and Bergerud’s (1991) R / M  equation and 2 - and 
3-stage m atrix population models w hen com bined w ith  esti­
mates o f  adult female survival. Age ratios result from  the 
com bination o f  m ultiple vital rates, including the proportion 
o f  yearlings in the population, the survival o f  adults, and 
those rates affecting recruitm ent o f  juveniles. C oncurrent 
m onitoring o f  adult survival allowed us to remove its effect in 
age ratio data, and consecutive years o f  age ratio data allowed 
us to estimate and remove the effects o f  age structure. In
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T ab le  1. E stim ates o f  ad u lt fem ale survival (5a) and  M arch  calf/cow  ratios {X), the  p ro p o rtio n  o f  yearlings (/>[y]) and  subadults (/>[i]) in  th e  fem ale p opulation , 
and  rec ru itm en t rates {R) and  transien t popu la tion  g row th  rates (A) estim ated  over a single tim e step u sing  H a tte r  an d  B ergerud’s (1991) equation  and  
2 - and  3-stage m atrix  popu la tion  m odels for the  A  la  Peche w oodland  caribou popu la tion  in  w est-cen tra l A lberta , 1998—2009.

Years X p (y ) p(s) Ri-2 - s ta g e R:,-3-Stage A2-,'2 - s ta g e ■̂ 3-‘3 - s ta g e

1998 0.100 0.048
1999 0.918 0.303 0.048 0.132 0.146 1.057 1.057 1.057
2000 0.870 0.263 0.132 0.041 0.116 0.132 0.138 0.984 0.984 0.984
2001 0.950 0.175 0.116 0.116 0.080 0.094 0.108 1.033 1.033 1.033
2002 0.952 0.247 0.080 0.107 0.110 0.128 0.145 1.070 1.070 1.070
2003 0.861 0.179 0.110 0.071 0.082 0.087 0.094 0.938 0.938 0.938
2004 1.000 0.155 0.082 0.101 0.072 0.085 0.095 1.078 1.078 1.078
2005 0.952 0.068 0.072 0.076 0.033 0.035 0.038 0.985 0.985 0.985
2006 0.836 0.232 0.033 0.070 0.104 0.100 0.108 0.933 0.933 0.933
2007 0.944 0.115 0.104 0.030 0.054 0.060 0.063 0.999 0.999 0.999
2008 0.780 0.211 0.054 0.098 0.095 0.087 0.097 0.862 0.862 0.862
2009 1.000 0.120 0.095 0.049 0.057 0.067 0.070 1.060 1.060 1.060

these cases, we were able to isolate the portions o f  age ratios 
relevant for recruitm ent alone, and estimate the m ean and 
variance o f  the recruitm ent term  in matrix models. This 
m ethod allowed the estim ation o f  process variance o f  recruit­
m ent from  age ratio data, for use in stochastic matrix model 
projections and a life-stage sim ulation analysis.

O ur results supported previous findings tha t adult female 
survival has the highest elasticity for population grow th in 
ungulates (Gaillard et al. 1998). Previous research has also 
shown th a t annual differences in population grow th o f  ungu­
lates can he better explained by m ore variable recruitm ent, or 
juvenile survival, rates despite their low elasticity (H atte r and 
Janz 1994, Gaillard et al. 2000, Raithel et al. 2007). In  our 
study, a life-stage sim ulation analysis suggested th a t high 
variation in recruitm ent caused it to  explain a greater per­
centage o f  population grow th rates (43%) than  m ight he 
expected from  its low  elasticity (0.07). However, adult female 
survival still explained comparatively m ore o f  the variation 
(54%) in annual estimates o f  X than  th a t has been shown in 
other ungulate populations (Gaillard et al. 2000, Raithel 
et al. 2007). T his may suggest an effect o f  recent disturbances

to caribou dem ography (e.g., Sorensen et al. 2008) because 
vital rates th a t are bo th  highly elastic and variable w ould not 
have been sustainable over evolutionary tim e (Pfister 1998, 
Johnson et al. 2010). F urther analysis across m ultiple caribou 
populations may he necessary to fully describe the relation­
ships between hum an disturbance, vital rate variance, and 
caribou population growth. Age o f  first reproduction can 
vary am ong species (Cole 1954), populations (Langvatn et al.
1996), cohorts (Langvatn et al. 1996), and individuals w ithin 
a population (Festa-B ianchet et al. 1995), and has been 
theoretically described as the key vital rate underlying maxi­
m um  grow th rates achievable by species (H one et al. 2010). 
Simulations o f  caribou population grow th accounting for a 
level o f  variation in  age o f  first reproduction observed in 
barren-ground caribou {R. t. granti\ A dam s and D ale 1998) 
revealed th a t this vital rate explained a relatively small per­
centage (1.7%) o f  the variation in population grow th esti­
mates, similar to results from  other w oodland caribou 
population simulations (W ittm er et al. 2010).

A sym ptotic projections o f  vital rates can he used to estimate 
long-term  determ inistic grow th rates given a set o f  vital rates.

>
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0,9

O.fi
A Annual ratej 

X G eo m etr ic  mean

0 D-i 0 3 0-3 0.4
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Figure 1. C o n to u r p lo t dep ic ting  the  range o f  possible tran s ien t popu la tion  g row th  rates (A) and  em pirical annual estim ates for th e  A  la Peche w oodland  caribou 
popu la tion  according to th e  paired  values o f  ad u lt fem ale survival and  late w in ter calf/cow  ratios as estim ated  equivalently  by  b o th  H a tte r  and  B ergerud’s (1991) 
R J M  equation  and  the  p ro jection  o f  2 - and  3-stage popu la tion  m atrix  m odels over a single tim e step , A lberta , C anada, 1998—2009.
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bu t these m ethods assume stable age distributions and may 
be less appropriate for recovery m onitoring (Fox and 
G urevitch 2000, Yearsley 2004). W e have shown th a t tran ­
sient population grow th rates for a single tim e step can he 
estim ated consistently w ithou t knowledge o f  the age o f  first 
reproduction, bu t these ad hoc rates are not necessarily 
representative o f  long-term  trends due to  a simplified trea t­
m ent o f  age structure and age o f  first reproduction (D anchin 
et al. 1995). F uture projections o f  vital rates to estim ate long­
term  trends may be best conducted using stochastic matrix 
models (Boyce et al. 2006). Specifically, projections should 
simulate the variation o f  vital rates according to empirical 
estimates o f  the ir means and environm ental variances, and be 
param eterized to  account for population age structure and 
age-specific vital rate variation (Gaillard et al. 1994, Ezard 
et al. 2010). Stochastic population projections should also 
address the potential for w ith in - and am ong-year correlation 
o f  vital rates, w hich can affect realized grow th rates (Coulson 
et al. 2005). O ur equations are based on 2 - and 3-stage 
population models, and incorporation o f  age-specific vital 
rates into age-based m atrix models offers an alternative w hen 
data are available (Raithel et al. 2007). W e recom m end our 
m ethods for retrospective interpretation o f  m onitoring data, 
bu t encourage the use o f  stochastic, age-structured models 
for predicting future trends for caribou (e.g., W alsh  et al. 
1995, W ittm er et al. 2010, D eC esare et al. 2011) and other 
species.

U ngulate population m onitoring designs exist on a contin­
uum  from  trend m onitoring w ith  com position counts alone 
(M cC ullough 1994) to individual-based studies o f  sex- and 
age-specific vital rates (Coulson et al. 2001, Nussey et al. 
2009). O ur m ethods reduce ungulate population dynamics to 
2 key param eters and reflect a trade-o ff between w hat is 
com monly measurable given the costs and extent o f  m oni­
toring ungulate populations and w hat is necessary for base­
line estimates o f  population trend (Bowden et al. 2000). 
Specifically in  the case o f  w oodland caribou, recovery plan­
ning faces the challenge o f  m onitoring a threatened subspe­
cies th a t occurs in > 164  populations across 9 jurisdictions 
(Thom as and G ray 2002), and our m ethods reflect those 
recently adopted for broad-scale m onitoring o f  population 
trends in A lberta (A lberta W oodland  Caribou Recovery 
Team  2005). W e reiterate H a tte r and Bergerud’s (1991) 
caution tha t the reliability o f  trend  estimates using our 
m ethods depends strongly on the precision o f  input survival 
and recruitm ent vital rate estimates. For example, the preci­
sion o f  adult female survival estimates incorporated into 
these models is dependent on bo th  the sample size o f  ra­
dio-collared individuals and the process m ean o f  the adult 
survival vital rate (W hite and B artm ann 1998). W e recom ­
m end incorporation o f  estimates o f  precision about vital rates 
into our equations by estim ating grow th using bo th  vital rate 
means and confidence lim its or using M on te  Carlo sim ula­
tion o f  vital rates and grow th estimates (Patterson et al. 
2002).

W h en  collected in tandem  w ith  adult female survival rates, 
age ratio data may provide a suitable alternative for managers 
interested in docum enting recruitm ent and grow th rates.

However, further study o f  the com ponent vital rates o f  recmit- 
m ent (pregnancy, litter size, and fetal andjuvenile survival) may 
be necessary to understand mechanistic relationships between 
factors such as density dependence, climate, predation, and net 
recruitm ent rates. T h e  majority o f  variation in age ratios for 
primiparous species such as elk or woodland caribou is often 
attributed to juvenile survival (Harris et al. 2008) given fixed 
litter sizes and relatively invariable pregnancy rates (W ittm er 
et al. 2005, Raithel et al. 2007). Studies o f  juvenile woodland 
caribou survival using radio-coUared calves are rare (Gustine 
et al. 2006), yet such studies would he beneficial for conserva­
tion by assessing cause-specific juvenile mortality and the link 
between recm itm ent and anthropogenic disturbance. For mul- 
tiparous ungulates, age ratios contain added variation in litter 
size, w hich further complicates the interpretation o f  age ratio- 
based recruitment rates w ith specific reference to component 
vital rates.

Age ratio data can suffer from  other potential sources o f 
error, such as misclassification o f  female juvenile and adult 
age classes (Sm ith and M cD onald  2002) as well as the 
potential m isidentification o f  sex during adult female counts. 
T his latter problem may he especially relevant for caribou, 
given the capacity o f  bo th  females and young males to carry 
antlers into late w inter. A lthough  female caribou and rein­
deer typically carry antlers until parturition (Espm ark 1971), 
antlerless females can also he com mon, particularly w ithin 
w oodland caribou populations and those in poor condition 
(Reimers 1993). C onsistent errors in identifying the sex o f 
adults may lead to  biases in recruitm ent estimates either by 
the inclusion o f  males in the female count, w hich w ould bias 
estimates o f  recruitm ent low, or the exclusion o f  antlerless 
females from  the female count, w hich w ould bias estimates o f 
recruitm ent high.

M onitoring  vital rates allows managers to  estimate 
trends in population grow th as well as study m echanistic 
relationships between environm ental factors and specific 
com ponents o f  population dem ography not possible w ith  
estimates o f  abundance alone (Todd and Rotherm el 
2006). However, estimates o f  actual abundances may he 
necessary to  compare risk am ong populations (e.g., 
W ittm er et al. 2010), assess recovery goals (G erber and 
H atch  2002), and to validate trends measured w ith  vital 
rates alone (M cC ullough 1994). For w oodland caribou, 
traditional aerial survey m ethods can he used successfully 
w hen counting caribou in open alpine or shruhland habitats 
(Seip 1990, M ahoney et al. 1998, W ittm er et al. 2005). 
However, the application o f  such m ethods to m onitor 
caribou in dense boreal forest habitats suffers due to low 
sightability and grouping behavior (S tuart-S m ith  et al.
1997). H ierarchical, 2 -tie r approaches may provide an effec­
tive, hu t expensive alternative (Courtois et al. 2003). G enetic 
m onitoring may provide another means o f  estim ating w ood­
land caribou population abundance (H ettinga 2010), though  
the feasibility o f  applying genetic techniques to m onitor 
caribou populations over provincial or federal scales is un ­
certain. A  quantitative assessment o f  the costs and power o f 
m onitoring strategies (sensu Bowden et al. 2000) for w ood­
land caribou including all forms o f  abundance and vital rate
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estim ation w ould benefit recovery planning for this and other 
endangered species.

In  addition to  m ethodological implications o f  our results, 
we also portray a stable trend  for the A  la Peche population o f  
w oodland caribou over the past decade. W oodland  caribou 
are federally classified as threatened in C anada as a com po­
nent o f  w oodland caribou occurring w ith in  the Southern 
M ountain  N ational Ecological A rea (C om m ittee on the 
Status o f  Endangered W ildlife in C anada 2002). As most 
w oodland caribou populations are in decline in A lberta 
(Schneider et al. 2010), conservation o f  the A  la Peche 
population may be particularly im portant for the species’ 
persistence at the provincial or even national scale. A  recov­
ery strategy for w oodland caribou should include collection 
o f  survival and recruitm ent data similar to those used in our 
analyses as im portant com ponents o f  population m onitoring.

MANAGEMENT IMPLICATIONS
T h e value o f  age ratios for population m onitoring has been 
bo th  questioned (Caughley 1974, M cC ullough 1994) and 
supported (H arris et al. 2008) in previous research. W e show 
how  concurrent m onitoring o f  adult female survival and age 
ratios allows bo th  retrospective estim ation o f  empirical pop­
ulation grow th rates and the decom position o f  recruitm ent- 
specific vital rates. W e  also use the A  la Peche woodland 
caribou population as an example population for w hich adult 
survival and recruitm ent param eters have contributed nearly 
equally to  population grow th rates over the past decade. 
W h ite  and Bartm ann (1998) recom m ended th a t m onitoring 
schemes for ungulates include bo th  fawn survival and adult 
survival data. Similarly, we recom m end the concurrent m on­
itoring o f  adult female survival to  com plem ent age ratio data 
w hen m anaging caribou and other ungulates. T his recom ­
m endation is partially due to the potential role o f  bo th  vital 
rates in driving ungulate population grow th rates, and addi­
tionally due to  the im portant ability to  isolate relevant re­
cruitm ent term s from  age ratios for stochastic m odeling o f  
future dynamics.
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