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INTRODUCTION

Population surveys and resulting maps of distribu-
tions, use, and available habitat are broadly used in
ecology, while methods to create these maps vary
widely (e.g. trend surface analysis, kriging interpo-
lation, inverse distance weighting [IDW] interpola-
tion). Recent work has focused on the best inter -
polation methods for particular systems (e.g. Dille
et al. 2003, Kravchenko 2003, Kratzer et al. 2006)
suggesting that one interpolation method is not
best for all systems and sampling regimes. There are
2 basic interpolation methods: (1) global interpola-
tion, where every control point is used in estimating

unknown values (e.g. trend surface ana lysis); and
(2) local interpolation, where a sample of known
points is used to estimate unknown values (e.g.
IDW). The 2 most commonly used interpolation
methods are kriging and IDW. A kriging interpola-
tion is a geostatistical method that uses least-
squares linear regression algorithms to estimate
continuous variables at un sampled locations (Lo &
Yeung 2002, Chang 2006). IDW interpolation as -
sumes that each point is influenced more by nearby
points than by those farther away, but it is not an
exact interpolation method because interpolated
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used as it is less physically and computationally
laborious than kriging interpolations.

Colonial breeding seabirds are an integral part of
the ecosystems they inhabit and are often used as an
indicator species for fisheries (Cairns 1987, Piatt et al.
2007, Einoder 2009). Seabirds have also been shown
to alter terrestrial systems on breeding islands by
adding marine nutrients and by burrowing and tram-
pling vegetation (Mulder & Keall 2001, Bancroft et al.
2005, Fukami et al. 2006). Thus, the ability to quan-
tify changes in seabird breeding densities and colony
locations and sizes is extremely important. However,
estimating colony area and population size of many
crevice- and burrow-nesting seabirds is rife with
challenges, most requiring laborious fieldwork and
numerous assumptions.

Population surveys used for burrow-nesting sea -
birds often involve surface counts of attending birds,
estimating density of nesting crevices and surface
area, transect surveys, and randomized systematic
grid surveys (Anker-Nilssen & Rostad 1993, Kampp
et al. 2000, Renner et al. 2006). Nocturnal burrow-
nesting seabirds are more difficult to survey, as their
surface activities are limited at the breeding colonies
to hours of darkness. Published studies on survey
methods for these species focus on petrels (Procel-
lariiformes) and suggest that the most reliable meth-
ods are playbacks, investigating burrow contents
with cameras, and distance sampling using burrow
scopes (Ambagis 2004, Lawton et al. 2006). However,
playbacks must be done at night, when walking tran-
sects over steep or difficult terrain is not feasible.
Therefore, most surveys use some form of distance
sampling with either grubbing (i.e. searching bur-
rows by hand to confirm whether they are being used
for breeding) or burrow-scoping to determine the
contents of burrows during the day (Regehr et al.
2007, Barbraud et al. 2009). Colony area, location,
and population size are typically estimated using this
information.

In Haida Gwaii, British Columbia (Canada), sur-
veys of nocturnal burrow-nesting ancient murrelets
Synthliboramphus antiquus and Cassin’s auklets
 Ptychoramphus aleuticus have been ongoing since
1980 on 29 islands, using either line transects with
quadrats or permanent monitoring plots. Both spe-
cies are blue listed (i.e. categorized as vulnerable)
within British Columbia, while the Committee on
the Status of Endangered Wildlife in Canada
(COSEWIC) also lists ancient murrelets as a species
of special concern. Thus, it is of the utmost impor-
tance to have accurate estimates of current colony
areas, locations, population sizes, and trends. To this

end, the goal of this research was to determine
whether using IDW interpolations would improve
estimates of colony area and population size for noc-
turnal burrow-nesting species by evaluating the most
reliable method to analyze transect and quadrat data
using comparisons of simulated colony sizes and
locations between currently employed global inter-
polation methods (see Rodway et al. 1988, 1990,
1994, Regehr et al. 2007) and IDW interpolations
using ArcGIS 9.3 (ESRI). We hypothesized that esti-
mates of colony area and population size are differ-
ent when different interpolation methods are used
and specifically predicted that local interpolation
methods (i.e. IDW) provide improved estimates of
colony area and population size over global interpo-
lation methods. Additionally, we asked what the lim-
itations were of the established survey protocols
given slight differences in survey methods (where
global interpolation methods assume areas surround-
ing unoccupied quadrats are searched for occupied
burrows while IDW interpolation methods used only
quadrat data) and provide recommendations for
improvement. Throughout we define population size
as the number of breeding pairs.
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(i.e. quadrats with at least 1 breeding pair) and inac-
tive (i.e. quadrats with 0 breeding pairs) quadrats
and those perpendicular to the shore were placed
halfway between active and inactive transects. Thus,
when surveyed quadrats were all inactive, colony
boundaries were delineated by searching the sur-
rounding 25 m2 cells halfway to the nearest quadrat
or shoreline. When any of these surrounding cells
were active, the area was included in the colony
boundaries. Colony area was estimated by summing
the number of 25 m2 cells within the colony bound-
aries and multiplying by 0.0025. Population densities
were estimated using mean values for ancient mur-
relets in Haida Gwaii (Rodway et al. 1994) and are
presented in Table 1. Population size was then esti-
mated by summing assigned population densities
within each quadrat sampled along the transect lines
(Table 1), where low density is 0 to 2 burrows
quadrat−1, medium is 3 to 4 burrows quadrat−1; and
high is 5 burrows quadrat−1.

Colony mapping—local interpolation

We interpolated colony area and population size
from our simulated transect and quadrat data using
an IDW interpolation in ArcGIS 9.3, where Z-field
(i.e. a magnitude value for each point) was the num-
ber of occupied burrows and cell size was 5 m × 5 m.
We used a power of 2, a fixed radius of 500 m, and the
minimum number of sampled points was set at 6. We
calculated colony area (in ha) by summing the

 number of 5 m × 5 m cells with occupied burrows >0
from the interpolated map’s attribute table data and
multiplied by 0.0025. Again using the attribute table
data, we calculated population size (number of
breeding pairs) by multiplying the interpolated
 number of occupied burrows by the number of cells
with that burrow occupancy, and then summed this
 product.

Survey structure evaluation

We evaluated the probability of detecting colonies
using a survey structure where transects are lo -
cated 200 m apart, with 25 m2 quadrats located
every 30 m along those transects by assigning each
of the 1600 simulations (i.e. 800 clustered and 800
dispersed simulations) as having occupied areas
surveyed or not. We calculated the probability of
surveying occupied areas for each colony area/pop-
ulation size simulation group by summing the num-
ber of simulations with occupied areas surveyed
and dividing by 100 (the number of simulations
within each group).

Statistical comparison of interpolation methods

For each of the 800 island simulations, we esti-
mated proportional error for both the estimated
colony area and population size using the formula:
proportional error = (x − y)/y where x is the esti-
mated term and y is the known term. We evaluated
which interpolation method most accurately pre-
dicted colony area and population size by consider-
ing 2 a priori candidate models composed of 2 vari-
ables of interest (interpolation method and known
population size nested within island size) in 4 sepa-
rate analyses. Our models were ranked using
Akaike’s information criterion for small sample
sizes (QAICc), corrected for overdispersion by in -
cluding an estimate of model deviance (ĉ = model
deviance/ df) for the global model, and QAICc

weights (wi) were used to evaluate model likelihood
(Burnham & Anderson 2002). When the best sup-
ported model received a weight less than 0.9, we
used model averaging to generate parameter esti-
mates and unconditional standard errors, which
were used with parameter likelihoods to draw
inferences from our data set (Johnson & Omland
2004). We used generalized linear mixed models
with a maximum pseudo-likelihood fitting method
(allowing for inter-model comparisons), a negative
binomial distribution, log link function, and a Ken-
ward-Rogers approximation in SAS 9.2 (proc GLIM-
MIX; SAS Institute), where the nested term ‘known
population size (island size)’ was included in all
models as a random effect. In addition, we evalu-
ated the probability that a quadrat would fall
within an occupied area at each population and
island size and present survey structure guidelines.
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RESULTS

Comparison of interpolation methods

Overall, IDW interpolation methods estimated
colony area and population size with higher ac -
curacy than global interpolation methods (Figs. 2
& 3). Using global interpolation methods and dis-
persed colony simulations, proportional error ranged
be tween −0.14 and 24.14 (8.38 ±
0.43) and between 0.34 and 77.44
(32.46 ± 1.46) for colony area and
population size, respectively. Using
IDW interpolation methods and dis-
persed col ony simulations, propor-
tional error ranged between −1.00
and 12.45 (1.48 ± 0.13) and between
−1.00 and 1.37 (−0.39 ± 0.03). This
represents an average decrease in
proportional error of 82% and 99%
when using IDW interpolation meth-
ods versus global interpolation me -
thods. Similarly, when clustered,
proportional error ranged between
−1.00 and 9.82 (2.19 ± 0.17) and
between −1.00 and 27.41 (5.89 ±
0.41) for colony area and population
size with global interpolation meth-

ods, and between and −1.00 and
51.24 (2.38 ± 0.34) and between
−1.00 and 7.60 (−0.34 ± 0.06) for
colony area and population size with
IDW interpolation methods. This cor-
responds to an 8% increase and a
94% decrease in proportional error
when using IDW interpolation meth-
ods compared to global interpolation
methods for colony area and pop -
ulation size estimates. Thus, global
interpolation methods regularly
over estimated both colony area and
population size, while IDW interpo-
lation methods overestimated colony
area but underestimated population
size slightly. This trend was mostly
supported by our AIC analyses that
revealed that for colony area in dis-
persed colonies, the top candidate
model did not include the term inter-
polation method (Table 2); in clus-
tered colonies, the top candidate
model included the term interpola-
tion method, but weighted parame-

ter estimates and associated standard errors for the
term interpolation method overlap with 0, suggest-
ing that this effect was weak (Table 3). For popula-
tion size, the top candidate model included the term
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Survey structure evaluation

We found that when colonies were dispersed and
global interpolation methods were used, there was a
100% probability of surveying occupied sites at all
population and island sizes, whereas when IDW
interpolation methods were used, there was between

76 and 100% (93 ± 0.07%) probability of surveying
occupied sites (Fig. 4a). When colonies were highly
clustered, there was between 75 and 100% (94 ±
0.07%), and between 18 and 100% (67 ± 0.21%)
probability of surveying occupied sites when using
global and IDW interpolation methods, respectively
(Fig. 4b). In both cases, the lowest probability of sur-

veying an occupied area occurred for
the small population and large island
size simulation group.

DISCUSSION

Overall we found that IDW interpo-
lations greatly improved estimates of
population size for nocturnal burrow-
nesting species such as Cassin’s auk-
lets and ancient murrelets, but nei-
ther interpolation method improved
estimates of colony area. Specifically,
we found that global interpolation
methods greatly overestimated popu-
lation size especially when popula-
tions were small. Overestimating
small populations can be very dan-
gerous, especially when declining
populations of threatened or endan-

Candidate model K AICc ΔAICc wi

Burrow clustering with dispersed colonies
Colony area (ĉ = 1.54)
Pop(Island) 4 2658.01 0.00 1.00
Method+Pop(Island) 5 2689.21 31.20 0.00

Population size (ĉ = 0.44)
Method+Pop(Island) 5 5634.92 0.00 1.00
Pop(Island) 4 10507.93 4873.01 0.00

Burrow clustering with clustered colonies
Colony area (ĉ = 0.93)
Method+Pop(Island) 5 5976.24 0.00 1.00
Pop(Island) 4 6255.25 279.01 0.00

Population size (ĉ = 1.04)
Method+Pop(Island) 5 5018.87 0.00 1.00
Pop(Island) 4 5323.60 213.73 0.00

Table 2. Summary of 4 candidate model sets describing pre-
cision of colony area and population size estimates within 3
simulated islands (10, 50, and 500 ha) with 3 known popula-
tion sizes (500, 1000, and 50 000 breeding pairs) in relation
to interpolation method (Method: global or inverse distance
weighting), where known population size was nested within
island size (Pop(Island)) and was included in all models as a
random effect (n = 1600). K: number of parameters; AICc:
Akaike’s information criterion for small sample sizes; wi: 

Akaike weight

Parameter Summed Weighted para- SE
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gered species are involved. Global interpolation
methods had the highest probability of successfully
detecting a colony; however, these methods are
extremely labor intensive, requiring burrow searches
surrounding unoccupied quadrats, resulting in higher
financial costs and less efficient survey times.

Population estimates, trends, and colony areas and
locations are all important aspects of managing ani-
mal populations and assessing their risk of extinction
(Butchart & Bird 2010). These data are often used to
determine whether a population is at risk of being
extirpated, needs to be protected, is recovering, or
whether particular habitats can be developed (Con-
way & Simon 2003, Borsa et al. 2010, Cadiou et al.
2010, Camp et al. 2010). Yet, because of the effort
required to fully estimate populations, long-term
trend data are only available at specific sites, typi-
cally the locations of field stations. Methods used to
survey and monitor at field stations are normally very
labor intensive and thus not effective for large-scale
monitoring (e.g. capture−mark−recapture studies).
The ability to detect, estimate, and confidently make
informed decisions concerning the management of a
population is critical. Here, we found that with
 consistent use of an established and efficient survey
protocol, together with a relatively simple interpola-
tion method, we were able to achieve accurate esti-
mates of colony area and population size that are
comparable across island and breeding population
sizes.

Unlike field studies, we assumed perfect knowl-
edge of the contents of each burrow encountered and
that every occupied burrow in our transect quadrats
was discovered. It is unlikely that every occupied
nest site will be found during a survey and that every
burrow encountered will have known contents. It is
because of this that sampling protocols involving
double sampling and/or double observers are recom-
mended (Taylor & Pollard 2008). We advocate these
methods in the field to obtain the most precise data
possible. Additionally, having experienced field
crews who are able to train new team members and
ensure data collection is consistent among years and
islands is also of the utmost importance.

We acknowledge that IDW interpolation methods
led to a low detection probability on large islands
with small populations. Global interpolation meth-
ods did not reveal this same flaw, because we
assumed that in all cases when an occupied burrow
existed outside of an unoccupied quadrat, observers
would find it and confirm the presence of a small
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