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Abstract Considerable efforts have been invested in recent
years to improve methods for both data collection and
analyses required for population monitoring. Where histor-
ical or current estimates of population size are not adjusted
for detection probabilities they may be too inaccurate to
provide meaningful estimates of trends and thus monitoring
methods need to be adapted. Here, we use data from the
Endangered huemul deer Hippocamelus bisulcus to outline
a framework to develop accurate robust estimates of de-
tection probabilities that can be incorporated into new
surveys in a cost-effective way and applied to existing survey
data sets. In particular, by retroactively estimating detection
probabilities for surveys of huemul, we show that current
survey methods for huemul are inadequate to determine
population trends reliably. Based on these results we pro-
pose a new monitoring method for the huemul and discuss
the importance of estimating accuracies of historical survey
data to ensure that changes in the abundance of the species
reflect real population trends and are not an artefact of
variation over time in the accuracy of survey data.
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Introduction

Strategies for the conservation of threatened populations
are predicated on the ability to assess population size

accurately and detect changes in abundance (Yoccoz et al.,
2001; Lancia et al., 2005). As counting all individuals in
a population is generally infeasible, sampling regimes must
be designed to produce precise unbiased estimates of abun-
dance and population parameters. Considerable efforts have

been invested in recent years to improve methods for
both data collection and analyses required for population
monitoring. In particular, recent methodological advances
have helped to address problems associated with imperfect
detection of many species (Yoccoz et al., 2001; Williams
et al., 2002; Tyre et al., 2003; Lancia et al., 2005). Unfortu-
nately, estimating detection probabilities for many species is
expensive and time consuming, and those charged with the
management of threatened taxa are understandably hesitant
to adopt costly new methods unless their benefits have been
clearly demonstrated. In addition, the adoption of new
methods may invalidate comparisons between current and
historical estimates of population size unless detection
probabilities can be estimated retroactively. Therefore, there
is a need to develop accurate robust estimates of detection
probabilities that can be incorporated into new surveys in
a cost-effective way and applied to existing survey data sets.

Huemul Hippocamelus bisulcus are medium-size deer
restricted to southern Chile and Argentina. Historically, the
species was considered abundant across a range of habitats
from central Chile (34� S) to the Magellan Strait (53� S;
Cabrera & Yepes, 1960). Since the arrival of Europeans the
range of the huemul has been reduced by . 50% (Vila et al.,
2006) and it now occurs almost exclusively in the montane
forests of the southern Andes and along Chile’s southern
coast. This range reduction has been accompanied by a
dramatic reduction in abundance. Estimates indicate that
, 2,000 remain, probably a 99% reduction from estimated
historical abundances (Redford & Eisenberg, 1992). Because
of the low remaining population size, declining population
trends and the risks associated with increased population
fragmentation, the species is categorized as Endangered on
the IUCN Red List (Jiménez et al., 2008).

Despite its precarious conservation status, reliable in-
formation on status and population trends of huemul is
scarce. The virtual absence of population monitoring is pro-
bably a consequence of both inadequate funding and
biological characteristics that make monitoring the huemul
challenging. For example, huemul live in small groups,
mainly in forested areas (Frid, 1999; Corti, 2008). Both
these factors have been shown to pose challenges for
accurate population monitoring in other species (Morellet
et al., 2007; McConville et al., 2009). In addition, remaining
populations of huemul are often restricted to remote and
inaccessible habitats (such as periglacial areas and coastal
forests), making fieldwork a particular challenge.
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JOSÉ LUIS GALAZ Gerencia Áreas Protegidas y Medio Ambiente, Corporación
Nacional Forestal, Santiago, Chile

*Current address: School of Biological Sciences, Victoria University of
Wellington, P.O. Box 600, Wellington 6140, New Zealand

Received 22 August 2009. Revision requested 5 October 2009.
Accepted 6 November 2009.

ª 2010 Fauna & Flora International, Oryx, 44(4), 516–522 doi:10.1017/S0030605310001018

https://doi.org/10.1017/S0030605310001018 Published online by Cambridge University Press

https://doi.org/10.1017/S0030605310001018


In areas where huemul are being monitored population
estimates are based on survey methods that are not adjusted
for detection probabilities (CONAF, 2001). Consequently,
survey results are presented with no measure of uncer-
tainty, which means that the accuracy of these population
estimates is unknown. The uncertainty of current popula-
tion estimates is troubling because existing monitoring
programmes may not be sufficiently accurate to detect
trends that may have important consequences for huemul
conservation, management and policies. In addition, it may
prevent researchers from diagnosing causes of population
fluctuations.

Our objectives are three-fold. Firstly, we aim to de-
termine the accuracy of the survey method currently used
in the only long-term monitoring programme for huemul
in Chile. To achieve this, we present results from popula-
tion surveys of huemul conducted by the Chilean Forest
Service (Corporación Nacional Forestal; CONAF) during
1991–2008 and use these results to estimate annual finite
rates of increase (k) for the population. We then compare
these results to complete retroactive population counts
based on marked individuals available for 2005–2008.
During this time all adults of the population were in-
dividually identifiable, which allowed us to estimate the
accuracy of the surveys conducted by CONAF. Secondly,
we use population models to evaluate the likelihood that
year-to-year variation in estimates of population size from
the CONAF surveys could be explained by natural process
variation (i.e. reflecting true variability in vital rates based
on environmental conditions). Thirdly, we propose a survey
framework for huemul, based on capture–recapture meth-
ods, which could be used to monitor populations of huemul
across their remaining range. Such monitoring is essential
to develop effective recovery strategies for this species. Our
proposed framework may be applicable to other species of
conservation concern where past monitoring did not con-
sider detection probabilities.

Study area

Our study was conducted in the Lago Cochrane National
Reserve, Aysén District, Chilean Patagonia (Fig. 1). This
69.25 km2 forest reserve was established in 1967, c. 4 km
east of the town of Cochrane (3,000 inhabitants). Forest
vegetation is dominated by deciduous lenga Nothofagus
pumilio trees at higher elevations and the evergreen coigüe
Nothofagus dombeyi at lower elevations, with introduced
pine (Pinus spp.) trees patchily distributed throughout the
Reserve. The shrub layer primarily consists of ñirre
Nothofagus antarctica, and a variety of grasses and forbs
occur in open habitats as a consequence of human-induced
fires in the 1940s. The terrain in the Reserve is mostly
mountainous, with elevations of 150–1,100 m. The mean

annual temperature is 7.6� C. Mean annual precipitation is
c. 800 mm, the majority of which falls during the winter
(June–September). Extensive sheep farming (small family
farms to medium-size operations) is the most common
land use in the areas surrounding the Reserve.

Methods

Population monitoring

Huemul monitoring in the Lago Cochrane National Re-
serve was initiated by CONAF in 1984 and provides the
only long-term monitoring data for this species in Chile.
During the initial years monitoring focused primarily on
fawn surveys. Beginning in 1991 CONAF conducted sys-
tematic annual surveys of the entire huemul population in
the Reserve. Since 1991 a total of 17 annual surveys have
been conducted. Surveys were carried out by CONAF
personnel and usually occurred either during autumn
(March–April, n 5 14) or just prior to the fawning season
(October–November, n 5 3) when huemul are typically
found at lower elevations (Gill et al., 2008).

In general, multiple observers (the number was 20–30 in
any given year) walked along predetermined elevational
contour lines, with one person assigned to every 20–50 m of
altitude. Observations focused on areas at 150–700 m and
observers recorded both direct (visual) and indirect (tracks
and faeces) observations of huemul. In addition, informa-
tion on age (adults, juveniles and fawns) and sex of
encountered huemul was also recorded. Surveys were
conducted over 2 consecutive days and because direct ob-
servations of the same individual by different observers
during the same day were considered unlikely, only the
results of the higher tally were used for final population
estimates. From these survey data we estimated k adjusted
for annual time intervals. We restricted our calculations of
k to direct observations of adults because in species with
high variability in fawn survival (e.g. many ungulates;
Gaillard et al., 2000), variation in the size of the adult
breeding population may be a more meaningful indicator
for determination of long-term population trends.

Starting in 2005 we initiated an intensive monitoring
project that included identifying all individual huemul.
This project ran parallel to the CONAF surveys and
covered the same population. The goal of our monitoring
project was to mark every huemul in the Reserve to obtain
data on population size, trends and the demographic rates
determining the observed trends (Corti et al., 2010).
Between April 2005 and November 2008 we captured and
marked a total of 55 huemul of all age and sex classes with
VHF radio-collars (n 5 15), VHF radio-ear tags (n 5 18)
and global positioning system collars (n 5 3). Additional
animals, including individuals with and without telemetry

Population monitoring of huemul deer 517

ª 2010 Fauna & Flora International, Oryx, 44(4), 516–522

https://doi.org/10.1017/S0030605310001018 Published online by Cambridge University Press

https://doi.org/10.1017/S0030605310001018


devices, received conventional ear tags (n 5 37). We were
also able to identify 33 additional huemul based on their
natural markings (e.g. facial patterns, body shape, coat
colour and rump patch) or their association with marked
individuals. Our goal of identifying all individuals was
facilitated by two unique aspects of our study population.
Firstly, in the absence of widespread hunting or poaching,
huemul are generally easy to approach. Secondly, the study
population is currently restricted to a small (19.9 km2) part
of the Reserve (Corti et al., 2010).

The presence of all known individuals was confirmed by
direct observation at least once every 3 weeks. Marked
individuals were considered dead if we found their remains
(59%) or if we were unable to relocate known individuals
alive for the remainder of the study (41%). In general the
majority of individuals that died were found because of the
large sample of radio-collared animals and because scav-
enging birds helped with the detection of other individuals
that died (Corti et al., 2010). Of animals with unknown
fates, only two were classified as adults. In addition, we
monitored the Reserve at regular intervals to detect animals
that may have been missed during previous surveys or that
immigrated into the Reserve during our study. Based on the
encounter history of all individuals we then retroactively
estimated the number of adult individuals in the Reserve in
November of each year, just prior to parturition (i.e. pre-
breeding population size; sensu Caswell, 2001). Consecutive
population estimates were used to determine k. Comparing
results of the two different monitoring programmes al-

lowed us to retroactively estimate the detection probability
of the CONAF monitoring programme.

Population modelling

We used a matrix modelling approach (Caswell, 2001) to
evaluate the likelihood that estimated year-to-year variation
in k from the CONAF monitoring programme reflected
true variability in vital rates (i.e. process variation). Survival
rates for huemul in the Reserve were estimated for four age
classes (fawns, yearlings, 2 year-olds and adults older than 3

years) by Corti et al. (2010) using a Kaplan–Meier approach
(Pollock et al., 1989). Additionally, fertility rates were
estimated directly from observations of marked females
with a fawn (Corti et al., 2010). Because no female younger
than 3 years of age was observed with a fawn at heel, we
assumed age of primiparity to be 3 years. We then used
mean values for age-specific survival and fertility rates
(Table 1) to parameterize the following (pre-breeding)
population matrix:

A5

0 0 F 3þ � p0

p1 0 0
0 p2 p3þ

2
4

3
5;

where F
3+ is adult female fertility (i.e. 0.72) and px rep-

resents the age-specific survival probabilities of fawns (p
0

5

0.34), yearlings (p
1
5 0.88), 2 year-olds (p

2
5 0.91) and adult

females (p
3+ 5 0.91). Assuming a stable age distribution k can

FIG. 1 The study area for huemul Hippocamelus bisulcus in Lago Cochrane National Reserve, Aysén District (reserve indicated in dark
grey). The approximate range of the survey area is shown with grey hatching (modified from Corti et al., 2010). The black rectangle on
the inset indicates the location of the main figure in Chilean Patagonia.
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then be estimated from the dominant eigenvalue of the
projection matrix (Caswell, 2001).

We then incorporated estimates of year-to-year process
variation associated with mean values of survival and
fertility into the matrix model following Wittmer et al.
(2007). This approach required sampling both survival and
fertility values from specified probability distributions.
Matrix models were performed using Excel (Microsoft,
Redmond, USA) and the Excel add-in PopTools (Hood,
2005). Values for all vital rates were selected using the Excel
function NORMINV(probability, mean and standard_dev),
where probability is a uniform random number from 0 to 1

(selected using RAND()), and mean and standard_dev were
the estimated values for vital rates and likely process
variation, respectively. Each set of randomly selected vital
rates for the population was then used to construct a time-
invariant matrix population model. We repeated the pro-
cedure 1,000 times, re-sampling from the probability
distribution of each vital rate for each replicate.

We based estimates of process variation for vital rates on
assumptions outlined in Gaillard et al. (2000), suggesting
that most ungulates generally show low year-to-year var-
iability in adult survival (generally , 10%), medium vari-
ability in both yearling survival and adult fertility (generally
, 15%) and high variability in fawn survival (often $ 40%).
From these assumptions, we built three different models
that varied in their assumptions of likely process variation
(Table 1). Confidence intervals for k obtained from the
repeated samples were determined using the percentile
method (Efron & Tibshirani, 1993).

Results

Uncorrected population surveys conducted by CONAF
over 1991–2008 indicated that the Lago Cochrane National
Reserve population varied between 14 adults in 1991 and 50

adults, observed both in 1996 and in 1997 (Table 2). Adult
sex ratios observed during counts were biased towards
females (mean 5 0.51 – SD 0.07).

Annual estimates of k of the huemul breeding popula-
tion from uncorrected population surveys in the Reserve
varied (0.36–2.19; Table 2). Population trends were positive
during 8 years, unchanged during 1 year and negative (i.e.
k , 1.0) during 7 years. Since 2000 k was mostly negative
(n 5 6). In 1994 and 1999 k indicated that the breeding
population was more than double the previous survey.
Eleven of the 16 estimates of k between consecutive years
indicated either catastrophic population declines (k # 0.75,
n 5 5) or very high population increases (k $ 1.25, n 5 6).

Based on our encounter histories of marked individuals
we were able to retroactively estimate the population size
during 4 different years. Population estimates varied between
23 adults in 2005 and 34 adults in 2008 (Table 3). Sex ratios
during all years were strongly biased towards females
(mean 5 0.62 – 0.03).

TABLE 1 Estimates of fertility and age-specific survival rates for
huemul Hippocamelus bisulcus in Lago Cochrane National
Reserve (Fig. 1; from Corti et al., 2010) used to parameterize
matrix models.1

Vital rate Mean Low (%) Average (%) Large (%)

Fertility (F3+) 0.72 –10 –15 –20
Fawn survival (p0) 0.34 –30 –40 –50
Yearling survival (p1) 0.88 –10 –15 –20
Juvenile survival (p2) 0.91 –5 –10 –15
Adult survival (p3+) 0.912 –5 –10 –15

1The three models simulate the effects of low, average and large year-to-
year process variation on population growth rates (k)
2Recalculated from Corti et al. (2010) to include both females and males

TABLE 2 Numbers of male, female and adult huemul counted in
population surveys conducted by CONAF in Lago Cochrane
National Reserve (Fig. 1) during 1991–2008, with female-to-male
ratio and estimates of the annual finite rate of increase (k).

Year Males Females Adults F/M ratio k

1991 7 7 14 0.50
1993 7 9 16 0.56 1.07*
1994 13 22 35 0.63 2.19
1995 24 23 47 0.49 1.34
1996 23 27 50 0.54 1.06
1997 28 22 50 0.44 1.00
1998 9 9 18 0.50 0.36
1999 20 18 38 0.47 2.11
2000 26 23 49 0.47 1.29
2001 17 19 36 0.53 0.73
2002 13 14 27 0.52 0.75
2003 14 12 26 0.46 0.96
2004 21 24 45 0.53 1.73
2005 21 21 42 0.50 0.93
2006 7 11 18 0.61 0.43
2007 14 14 28 0.50 1.56
2008 8 9 17 0.53 0.61

*Adjusted for 1-year time interval

TABLE 3 Retroactive estimates of the numbers of male, female
and adult huemul in Lago Cochrane National Reserve (Fig. 1),
based on individually identified animals during 2005–2008, with
female-to-male ratio and estimates of the finite rate of increase
(k).1

Year Males Females Adults F/M ratio k

2005 9 14 232 0.61
2006 133 19 32 0.59
2007 10 20 30 0.67 0.94
2008 13 21 34 0.62 1.13

1k not calculated for 2005–2006 because not all individuals had been
identified in 2005
2Not all individuals had been identified in the first sampling period
3Adjusted to include one male first observed in February 2007
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Intensive surveys starting in April 2005 indicated that it
took until February 2007 (23 months) before all adult
huemul believed to be present at the beginning of our
monitoring were individually identifiable (Fig. 2). Thus, k
was only estimated for 2006–2008 (Table 3). Additional
individuals transitioning to the adult age class during the
study were first known during earlier stages of their lives.

In the 3 years where both corrected and uncorrected
survey data were available (i.e. 2006–2008), uncorrected
data consistently underestimated actual population sizes of
huemul in the area. The detection probability during these
years averaged 67 – SD 23%. Estimates of k and sex ratios of
adult huemul also differed markedly between the two
methods.

Estimates of mean k from the matrix models for all three
scenarios were 1.06–1.08 (Fig. 3). Even under the most
generous assumptions of expected process variation affect-
ing vital rates, 11 of the 16 estimates of k from the CONAF
surveys (Table 2) fall outside identified 95% confidence
intervals.

Discussion

Our results highlight a problem relevant for many species
of conservation concern. The development and implemen-
tation of successful recovery strategies for threatened
species depends to a significant degree on reliable estimates
of population size and trends. However, many survey
methods, including those used by CONAF for huemul,
do not accurately determine the status of a population.
As in other species (Williams et al., 2002), including
ungulates (Largo et al., 2008), our results also indicate that
these problems can be overcome by adapting monitoring
of huemul through using survey methods that allow
quantifying detection probabilities based on individually
marked animals.

Population surveys conducted by CONAF during 2006–
2008 that did not account for detection probabilities
consistently underestimated the total population size of
huemul in the Lago Cochrane National Reserve. While on
average 31% of adults in the study area remained undetected

FIG. 2 Cumulative monthly frequencies of individually identifiable huemul at Lago Cochrane National Reserve (Fig. 1) since monitoring
began in April 2005. All individuals were identifiable/marked by February 2007 (Month 23 of the study).
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during CONAF’s annual surveys, this estimate is probably
conservative because in some years juvenile animals (, 3

years old) were probably misclassified as adults. Detection
probabilities apparently also varied greatly among years.
The sampling error associated with some population sur-
veys for huemul was so large that it suggested population
fluctuations of a magnitude that are impossible for mono-
tocous ungulates with life history strategies such as those of
huemul (Gaillard et al., 2000). The ability to detect real
changes in population size in threatened species, however,
is essential for the development of both short- and long-
term conservation strategies.

Accurate information regarding population size and
observed and projected trends are also important criteria
for the IUCN Red List (Mace et al., 2008). The current
categorization of huemul as Endangered is based on esti-
mates suggesting a total remaining population of , 2,000

individuals, approximately two-thirds of which occur in
Chile (Jiménez et al., 2008). However, this value may not
reflect the real abundance of the species because estimates
for most individual populations were not based on survey
data (Vila et al., 2006). The absence of accurate population
estimates makes the task of determining current or antic-
ipated population trends across the remaining distribution
of huemul virtually impossible. Thus, future reassessments
of the status of huemul have to carefully consider if reported
changes in the abundance of the species reflect real pop-
ulation trends or are potentially an artefact of more accurate
survey data. This would avoid unwarranted changes to the
assessment of its conservation status (i.e. avoid downgrading
of threatened status where not warranted).

Several ecological and behavioural characteristics con-
tribute to the difficulties of accurately determining the
abundance of huemul. Firstly, huemul live in mostly
forested and mountainous habitats. Because of poor visi-
bility and steep terrain, counting animals in such habitat is
challenging. Secondly, remaining huemul populations oc-
cur at low densities and in small groups. Reported densities
for the species are typically c. 1 km-2 (Smith-Flueck &
Flueck, 1997; Corti et al., 2010). Thirdly, huemul typically
occur in groups of , 3 (Frid, 1999; Corti, 2008), with no
sexual segregation observed during any time of the year
(Corti, 2008). Species occurring in such small groups are
particularly difficult to detect.

However, results from our intensive monitoring pro-
gramme suggest that accurate population estimates of
huemul using direct counts are possible. This requires
a change in the protocol of how huemul abundances are
estimated. In particular, our results show the value of
maintaining a sample of marked individuals. A large
sample of marked individuals allowed us to identify outliers
in the CONAF survey results (see Largo et al., 2008, for
an example with European ibex) as well as to quantify
detection probabilities for the species. Marking can be

achieved by applying ear tags or radio-collars to individu-
als. While ear tags are cheaper, telemetry studies provide
additional benefits such as the ability to quantify age-
specific survival as well as determining causes of mortality
(Corti et al., 2010). Encounter history data can then be used
to estimate population size using standard capture–mark–
recapture methods (Williams et al., 2002). Park wardens
charged with huemul conservation can also create data-
bases with photos of huemul to distinguish individuals
based on visual characteristics. However, such an approach
would probably be more cost and labour intensive, and less
accurate in the long term, than marking animals with tags
or radio-collars. Priority for new monitoring programmes
should be given to populations in other areas (such as
coastal Patagonia) to test whether our proposed method
can be applied across the remaining distribution of huemul
(and across different habitats).

Our results have highlighted the need to quantify
detection probabilities when survey data are being used to
estimate population trends. Many survey methods cur-
rently employed produce estimates of population size and
trends that are biased in ways similar to those reported
here. For example, aerial surveys are commonly used to
estimate abundances of large mammals in open habitats
(Caughley, 1974; Marsh et al., 2004). Recent results reported
for saiga Saiga tatarica indicated that reported rates of
decline for the species were overestimated because the de-
tection probability of groups from the air changed with
declining population densities (McConville et al., 2009). In
particular, saiga occur in smaller groups at low population
densities and these groups were less likely to be detected
during aerial surveys. Such biases in detection probability
have at least two important implications. Firstly, it raises
questions regarding results of studies aiming to link rates of
decline to ecological or behavioural explanations of these
trends (Milner-Gulland et al., 2003). Secondly, it requires
re-evaluating conservation targets to avoid downgrading of
the conservation status of a species when it remains at risk
of extinction. As with our study, such examples highlight
the importance of estimating accuracies of historical survey
data to ensure that changes in the abundance of a species
reflect real population trends and are not an artefact of
variation over time in the accuracy of survey data.
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