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Abstract

Spatial population dynamics of small mammals: some methodological and practical issues.— Small mammals have been
widely used to further our understanding of spatial and temporal population dynamical patterns, because their dynamics
exhibit large variations, both in time (multi-annual cycles vs. seasonal variation only) and space (regional synchrony, travelling
waves). Small mammals have therefore been the focus of a large number of empirical and statistical (analysis of time—series)
studies, mostly based on trapping indices. These studies did not take into account sampling variability associated with the use
of counts or estimates of population size. In this paper, we use our field study focusing on population dynamics and
demography of small mammals in North Norway at three spatial scales (0.1, 10 and 100 km) to illustrate some methodological
and practical issues. We first investigate the empirical patterns of spatial population dynamics, focusing on correlation among
time—series of population abundance at increasing spatial scales. We then assess using simulated data the bias of estimates
of spatial correlation induced by using either population indices such as the number of individuals captured (i.e., raw counts)
or estimates of population size derived from statistical modeling of capture—recapture data. The problems encountered are
similar to those described when assessing density—dependence in time-series —a special case of the consequence of
measurement error for estimates of regression coefficients— but are to our knowledge ignored in the ecological literature. We
suggest some empirical solutions as well as more rigorous approaches.
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Resumen

Dinamica poblacional espacial de pequefios mamiferos: algunas cuestiones metodolégicas y practicas.— Los pequefios
mamiferos se han utilizado ampliamente para ayudarnos a comprender mejor las pautas dinamicas espaciales y temporales
de las poblaciones. Ello obedece a que sus dinamicas presentan importantes variaciones, tanto por lo que respecta al tiempo
(ciclos multianuales frente a una Unica variacion estacional) como al espacio (sincronia regional, ondas progresivas). Por
consiguiente, los pequefios mamiferos han sido objeto de gran nimero de estudios empiricos y estadisticos (analisis de
series temporales), basados principalmente en indices de capturas por trampa. Dichos estudios no tomaban en consideracion
la variabilidad del muestreo asociada al empleo de recuentos o de estimaciones del tamafio poblacional. En el presente
articulo utilizamos nuestro estudio de campo para analizar la dinamica poblacional y la demografia de los pequefios
mamiferos del norte de Noruega en tres escalas espaciales (0,1, 10 y 100 km), ademas de ilustrar algunas cuestiones
practicas y metodolégicas. En primer lugar, investigamos las pautas empiricas de la dinamica poblacional espacial,
centrandonos en la correlacion existente entre las series temporales de la abundancia poblacional en escalas espaciales cada
vez mayores. Seguidamente, utilizamos datos simulados para evaluar el sesgo de las estimaciones de la correlacion espacial
inducida mediante el empleo, bien de indices poblacionales como el nimero de individuos capturados (es decir, recuentos
brutos) o estimaciones del tamafio poblacional derivadas de la modelacion estadistica de los datos de captura—recaptura. Los
problemas encontrados son similares a los descritos cuando se evalla la dependencia de la densidad en las series
temporales —un caso especial de la consecuencia del error de medicion con respecto a las estimaciones de coeficientes de
regresion—, pese a que, seglin parece, se han ignorado en la literatura ecolégica. Por Gltimo, sugerimos algunas soluciones
empiricas, asi como planteamientos mas rigurosos.
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Introduction

Small mammals, and in particular voles and lem-
mings, are well known for their large multi-annual
population fluctuations (Stenseth, 1999). Most in-
terestingly, populations of the same species (e.g.,
the Field vole, Microtus agrestis) can exhibit differ-
ent temporal and spatial dynamical patterns
(Henttonen & Hansson, 1986). In Fennoscandia,
southern populations show mainly seasonal
changes, while northern populations are character-
ized by 3 to 5 year cycles. Spatial synchrony,
meaning that populations in different locations ex-
hibit correlated fluctuations, is also a variable phe-
nomenon, with large—scale (over hundreds of km)
synchrony as well as traveling waves having been
described (Lambin et al., 1998; Steen et al., 1990).
Populations of different species at the same loca-
tion are often synchronous too (Henttonen &
Hansson, 1986). However, most studies of syn-
chrony have used population indices, and did not
account for sampling error (e.g. Bjgrnstad et al.,
1999, Steen et al., 1996).

Accurate estimation of the quantitative patterns
of population synchrony, and in particular of the
relationship between correlation and distance among
populations, is of interest because it can shed light
on the mechanisms driving the population dynam-
ics (Bjgrnstad et al., 2002; Bolker & Grenfell, 1996,
Ranta et al., 1997; Ripa, 2000). The Moran effect
(e.g., Bjgrnstad et al., 1999) describes a situation
where the correlation for the environmental noise is
expected to be identical to the correlation observed
for the population dynamics. Climate, predation
and dispersal are three factors that are important
for the population dynamics of small mammals
(Hansson & Henttonen, 1985, 1988), but their con-
sequences in terms of population synchrony are
likely to be scale—dependent. Climate will generally
result in large scale synchrony (e.g., over distances
larger than 100 km Krebs et al., 2002), predation by
small mustelids (weasel Mustela nivalis, stoat M.
erminea) will be characterized by synchrony at
intermediate (10 km) scale, whereas vole dispersal
may influence small (1-5 km) scale synchrony
(Lambin et al.,, 1998). Depending on the relative
importance and extent of these factors, we would
expect spatial correlation patterns with a character-
istic scale (Engen et al., 2002).

The consequences of ignoring the uncertainty
in population indices or estimates have been em-
phasized for at least three decades when analyzing
density—dependence (Ito, 1972; Lebreton, 1990;
Solow, 2001). It is related to the more general
issue of the effect of measurement error on re-
gression coefficients estimates (Fuller, 1987): when
the predictor variable is measured with some error
(and assuming a simple measurement error model,
i.e. additivity and independence), the regression
coefficient is biased towards 0 (so—called attenua-
tion). The issue has not been explicitly addressed
when analyzing spatial correlation (but see e.g.
Moilanen [2002] when one is interested in estimat-

ing parameters of metapopulation models), even if
it has been mentioned by Lande et al. (2003), and
some statistical analytical models have incorpo-
rated measurement error (Viljugrein, 2000). The
correlation between two time series of population
indices or estimates [, and f,, is given by:

Cov(N,,,N,,)

Corr(N,,,N, )=
(5;91 an

If the measurement error process is additive
and independent for the two populations, the
covariance will not be affected, but the two stand-
ard deviations will be inflated by the measurement
error (Link & Nichols, 1994), and therefore the
correlation will be attenuated (biased towards 0).

Viljugrein and her colleagues modeled the meas-
urement error assuming a Poisson distribution. This
is likely to underestimate the impact of measure-
ment error as for example heterogeneity of capture,
a common problem in most field studies of small
mammals (Yoccoz et al., 1993), will lead to vari-
ability larger than Poisson. Assessing the size of
the bias will therefore depend on having an accu-
rate knowledge of the measurement error process.
Dennis et al. (1998) considered a model for
analyzing joint density—dependence and suggested
using state—space models for taking into account
sampling variance but did not implement such
models to our knowledge.

In this paper, we investigate how sampling vari-
ance due to the population size estimation process
affects estimates of spatial autocorrelation. We first
describe the empirical patterns of spatial auto-
correlation in a multi-scale study of population dy-
namics of voles in north Norway. The sampling
variance associated to raw counts or closed cap-
ture—recapture models incorporating heterogeneity
of capture is not analytically known, and we there-
fore used simulated data including both process and
sampling variance to investigate the effects on bias
of correlation estimates. Finally, we suggest ap-
proaches to correct for the observed bias.

Field study design and empirical estimation
of spatial correlation patterns

The empirical study is based on trapping 122 0.5 ha
grids, twice a year (June and September) during 5
years (1998-2002). The sampling design was hier-
archical, with three spatial scales: 1 km, 10 km and
100 km (fig. 1). Each grid covered an area of 0.5 ha,
with 16 Ugglan live traps. Each primary trapping
session included three secondary sessions (days).
We had more than 12,000 captures of > 7,300
individuals belonging to four vole species, the Grey—
sided Vole (Clethrionomys rufocanus; 3,300 ind.,
5,600 capt.), the Red Vole (C. rutilus; 2,900 ind.,
4,900 capt.), the Bank Vole (C. glareolus; 440 ind.,
750 capt.) and the Field Vole (640 ind., 950 capt.). In
this paper, we only consider the Grey—sided Vole. In
addition, more than 5,000 shrews (mostly Common
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Fig. 1. Map of study area (north Norway) with detailed study design for one fjord region (Porsanger).
Each transect (T1 to T5) had five trapping grids from the sea level/valley bottom to the treeline. In two
areas, a slightly different design was used: Skjomen (three transects with eight trapping grids each)
and Malselv (four transects with six, six, six and five grids respectively).

Fig. 1. Mapa del area de estudio (norte de Noruega), que incluye el disefio de un estudio detallado
para una region de fiordos (Porsanger). Cada transecto (T1 a T5) presentaba cinco rejillas de captura,
desde el nivel del mar/fondo del valle hasta la linea de arboles. En dos areas se utilizé un disefio
ligeramente distinto: Skjomen (tres transectos con ocho rejillas de captura cada una) y Malselv (cuatro
transectos con seis, seis, seis y cinco rejillas, respectivamente).

Shrews, Sorex araneus) were caught but most were
killed by the trapping.

Numbers of individuals captured per grid varied
between 0 and 40. We estimated population size
using models for closed populations (Pollock et al.,
1990; Borchers et al., 2002). We considered two
models: M, (identical capture rate for all individuals)
and M,, (2" order jackknife estimator [Burnham &
Overton, 1979], a non—parametric estimator incor-
porating heterogeneity of capture). These two mod-
els were used to estimate population size independ-
ently for each grid and species. We investigated
further the sources of variability in capture rates,
both within and among grids using the Huggins’
conditional likelihood approach (Huggins, 1989; Alho,
1990; Borchers et al., 2002). We used grid, sex and
body weight as covariates, and applying Horvitz—
Thompson-like estimator for each grid:

A=) L
i=1 Mj
where p is the estimated probability that the
individual i is caught at least once. The p are
given by: ,
ﬁ/=1'H[1_pki] '
where the probabilities p,; of catching individual i in
session k are modeled as function of the covariates
using a logit link. We used the value of the condi-

tional likelihood to calculate the AIC values and
select an appropriate model.

Simulations and estimation of spatial
correlations

Data were simulated according to two processes:
a population dynamic process mimicking
multiannual population cycles, and a sampling
process describing the capture of individuals.

Population dynamics differed among regions
and among species. For the Grey-sided Vole,
they were consistent with 5—-years cycles in the
NE and somewhat shorter cycles in the SW
(Hansson & Henttonen, 1985). For the Red Vole,
some populations had only seasonal fluctuations
with no indication of cycles. However, the time—
series are too short to estimate adequately the
periodicity. We simulated the true population dy-
namics using a second-order autoregressive
model, with two case—studies (cyclic populations
and stable populations; see Stenseth, 1999 for
general discussion of parameter values in
autoregressive models):

AR2: log(N,,,) = 4.5 + 0.2 * log(N,) — 0.5 * log(N, ,) + 4,
AR1: log(N,,;) = 3.5 + 0.2 * log(N,) + 4,

where Z, the stochastic component of popula-
tion growth, is assumed to follow a normal dis-
tribution with mean 0 and variance 2. The first
case-study, AR2, mimics a 5-years cycle,
whereas the second, AR1, mimics stable
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Grey-sided Vole—Porsanger
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Fig. 2. Population dynamics of the Grey-sided Vole in Porsanger (A) and Alta (B), 1998-2002.
The spring (left) and fall (right) population sizes are given for the five transects and the five
trapping grids in each transect. Population size is estimated using the second-order jackknife
estimator, M,,. The populations in Porsanger and Alta show multi-annual (5-years cycle)
fluctuations, in addition to the seasonal fluctuations associated with the reproductive period
(June to September). Even if the five transects are located in the same habitat type (birch

forest), there is large variation in population abundance, within and among transects.

populations. The variance ¢? was set equal to
0.04 in order to get fluctuations with amplitude
similar to the one observed.

The capture—recapture data were simulated
using WiSP (Borchers et al., 2002), assuming
three secondary capture sessions, random vari-
ation in capture probabilities among the two
populations and in time, and individual hetero-
geneity. The parameters describing capture prob-

abilities and heterogeneity were chosen in order
to give capture probabilities similar to those
observed in the actual vole data: secondary
session capture probabilities were assumed to
vary between the average values 0.18 and 0.5
(i.e., the probability of being caught at least
once is then between 0.45 and 0.875: see fig. 3),
with a random variation among sessions equal
to 0.1 on the logit scale.
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Fig. 2. Dinamica poblacional del raton de campo de flancos grisaceos en Porsanger y Alta, 1998-2002. Se
indican los tamafos poblacionales durante la primavera (izquierda) y el otofio (derecha) para los cinco transectos
y las cinco rejillas de cada transecto. El tamafio poblacional se calcula utilizando el estimador jackknife de
segundo orden, M,.. Las poblaciones en Porsanger y Alta presentan fluctuaciones multianuales (ciclo de 5 afios),
asi como fluctuaciones estacionales asociadas con el periodo reproductor (de junio a septiembre). Aunque los
cinco transectos estén situados en el mismo tipo de habitat, bosque de abedules, existe una amplia variacion
en la abundancia poblacional, tanto en cada uno de los transectos como entre ellos.

Two synchronous populations were simulated
by assuming that the stochastic components for
the two population growth rates were correlated,
that is the 1, were assumed to follow a binormal
distribution with identical variance for the two
populations and a correlation rd. We estimated
the correlations using the logarithm of number of
animals caught (raw counts) as well as population
size estimated using model M; and M, ,.

Results

Empirical correlation patterns

The dynamics of populations differed among spe-
cies and regions. In Porsanger (NE), the Grey—
sided Vole experienced a synchronous decline in
1998-99, followed by a synchronous increase and
peak in 2002 (fig. 2). In Alta (ca. 150 km from
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Porsanger), the Grey—sided Vole had very low
population levels in 1998-1999, experienced a
synchronous increase in 2000-01, but had already
crashed in 2002 (fig. 2). The spatial synchrony at
a large scale is therefore phase—dependent, being
most pronounced in the increase phase 2000-
2001. Given this difference in the dynamics, we
will restrict the discussion below to the intermedi-
ate (among transects: 10 km) and small (within
transect: 1 km) scale spatial patterns in Porsanger.

The correlations within and among transects
were highly variable, for population size and popu-
lation growth rates (table 1). They were in general
higher within transects than among transects indi-
cating stronger correlations at small spatial scales,
but the pattern was not consistent. As population
sizes were variable and sometimes quite low (e.g.
transect 4; fig. 2), part of the variability results at
least in part from sampling variability.

One component of the sampling variability is
linked to the population size estimation process.
Given that we estimate population size of the same
species, in the same habitat type, with the same
trappers, and with trapping sessions occurring on
the same days, we would assume that capture rates
may vary little among trapping grids, even if this has
not been assessed in most studies. To explore this
possibility, we used the Huggins/Alho’s model with
different sets of covariates (table 2). There was no
evidence for variation among grids, but evidence for
heterogeneity in capture rates linked to body weight:
large, reproducing (adult) animals have a higher
capture rate than small (juvenile/subadult) individu-
als (fig. 3). This implies that populations with differ-
ent age structure would have different average prob-
abilities of capture. The overall estimate for popula-
tion size in the five grids was lower than the M,,
estimate (table 2), either because body weight is
only one source of heterogeneity of capture and/or
the second—order jackknife estimator is biased high.
Heterogeneity of capture is therefore likely to be one
of the main sources of sampling variability in popu-
lation size estimates.

Simulations

Correlations based on estimated population size
or number of animals caught were biased low, and
the bias was relatively large (up to 30% for model
M,, tables 3, 4). The bias was due to the increased
variance of population size, as the covariances
were not biased. The worst case resulted from
using the model M, whereas M,, and raw counts
did give similar biases. The simple estimator (M)
was both biased (because of the presence of het-
erogeneity of capture) and relatively imprecise, re-
sulting in an overall larger measurement error than
the jackknife estimator which was not biased (re-
sults not shown). The raw counts were of course
biased, but did not include any estimation uncer-
tainty. Using proper estimates for the process vari-
ance (Link & Nichols, 1994; Link et al., 1994;
Burnham & White, 2002) would correct for most of
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Fig. 3. Probability of being captured at least
once as a function of body weight for the
Grey-sided Vole, transect 2, Porsanger, Fall
1998. Most breeding individuals weight more
than 25 g, and their probability of being
captured is higher than 0.8. Individuals with a
body weight as low as 10 g have just been
weaned and are caught only if the trap is
close to their nest.

Fig. 3. Probabilidad de ser capturado, como
minimo una vez, expresada como una funcion
del peso corporal para el raton de campo de
flancos grisaceos, transecto 2, Porsanger, oto-
flo de 1998. La mayoria de los individuos en
edad reproductora pesan mas de 25 g, y la
probabilidad de que sean capturados es supe-
rior a 0,8. Los individuos con peso corporal de
s6lo 10 g han sido destetados recientemente y
sélo resultan capturados si la trampa se halla
cerca de su nido.

the bias, but assuming a Poisson distributed error
would correct only for suggest that some popula-
tion indices such as raw counts may result in
similarly biased correlations compared to those
obtained using estimated population size, and
that using an inadequate model for capture rates
is in fact worse than using raw counts. The main
difficulty is that most trapping indices have un-
known measurement error and therefore the bi-
ases are difficult to remove (i.e., by estimating
the measurement error and the true process
variance). This is indeed a general problem in
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Table 1. Empirical patterns for the correlations
of population size and population growth rates
within (average pairwise correlations among
trapping grids within a transect) and among
transects (average pairwise correlations among
trapping grids between two transects) for the
Grey-sided Vole in Porsanger regionin autumn.
Transect 1 (T1) is south, transect 5 (T5) is
north (see fig. 1).

Tabla 1. Patrones empiricos para las correlaciones
del tamafio poblacional y de las tasas de
crecimiento poblacional en cada uno de los
transectos (correlaciones promedio entre pares
con relacion a las rejillas de captura en un
transecto) y entre varios transectos (correlaciones
promedio entre pares con relacion a las rejillas de
captura entre dos transectos) para el raton de
campo de flancos grisaceos en la region de
Porsanger. El transecto 1 (T1) esta en el sur,
mientras que el transecto 5 (T5) esta en el norte
(ver fig. 1).

Population size (Log(N,))
T1 T2 T3 T4 T5

Tl 0.54

T2 0.42 0.72

T3 0.20 0.55 0.52

T4 039 025 0.12 0.35

T5 045 0.61 0.45 0.48 0.55

Population growth rates (Log(N,,,) — Log(N,))
T1 T2 T3 T4 T5

TL 055 - — — —
T2 0.32 0.64 — — —
T3 0.10 0.56 0.38 - -
T4 0.40 0.13 0.02 0.36 -
T5 0.37 0.60 0.33 0.38 0.55

most monitoring programs using field techniques
that do not allow for uncertainty estimation
(Yoccoz et al., 2001, 2003).

Most of the recent discussion of spatial popu-
lation dynamics is focusing on analyzing how
correlations among populations change as a func-
tion of the distance and direction among
populations (e.g., Bjgrnstad et al., 2002), on
comparing these correlations among species and
comparing those correlations to those of, e.g.,
climatic variables such as temperature (in par-
ticular the so called "Moran effect" predicting
identical spatial correlations for the environmen-
tal disturbance and the population abundance;
Bjgrnstad et al., 1999; Liebhold et al., 2004;

Table 2. Huggins/Alho’'s model applied to the
Grey-sided Vole and the five stations of
transect 2, fall 1998, Porsanger: A. Conditional
likelihood values (CL) and conditional AIC
(CAIC) (N. Number of parameters; *Best model,
include on the covariate body weight, see
fig. 2); B. Parameter and population size
estimates for model including only body weight
as a covariate (E. Estimates; SE. Standard
error). The resulting estimate is compared to
the jackknife estimate (Model M, ,).

Tabla 2. Valores de probabilidad condicional
(CL), criterio de Informacion de Akaike
Condicional (CAIC), estimaciones de
parametros y de tamafios poblacionales para
el modelo de Huggins/Alho aplicado al ratén de
campo de flancos grisaceos y las cinco
estaciones del transecto 2, otoflo de 1998,
Porsanger: * Mejor modelo, incluye el peso
corporal como covariante (ver fig. 2); B.
Estimaciones del peso corporal y del parametro
para el modelo que incluye solo el peso corporal
como covariante (E. Estima; SE. Error
estandard). El valor de estima resultante se
compara con el valor del transecto estimado
mediante jackknife (Modelo M,,).

A
Model N CL CAIC
326.38 666.76

Grids + body weight + sex 7

Body weight + sex 3 329.57 665.14
*Body weight 2 329.76 663.52
Intercept 1 335.04 672.08
B

Parameter E(SE) Model M,,
Intercept —1.60(0.40) -
Body weight 0.048(0.015) -

Total population size 229.4(13.8) 264.5(13.8)

Peltonen et al., 2002). As we have shown here,
correlations will in general be biased low and the
extent of the bias will depend of the measure-
ment error. Even in our case study with high
capture rate, the bias was large (i.e., 20 to 30%),
and we would expect much larger biases for stud-
ies based on simple indices. On the contrary,
variables such as temperature are precisely meas-
ured and show little sampling variability and would
result in low bias for estimates of spatial correla-
tion. It means that further comparisons among
species and variables should include measure-
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Table 3. Correlations and covariance matrices
estimated using a 5,000 year time—series
simulated using an AR1 process (stable
population). All covariances and correlations
are calculated using log—transformed data: A.
Covariance matrix of the true population sizes;
B. Covariance matrix of the estimated
population size using M,,; C. Covariance
matrix of the population indices (number of
animals caught Nc); D. Bias in the estimated
correlations (true value for p = 0.7)

Tabla 3. Correlaciones y matrices de covarianza
estimadas utilizando una serie temporal de
5.000 afios y un proceso AR1 (poblacion
estable). Todas las covariantes y correlaciones
se calculan mediante datos transformados
logaritmicamente: A. Matriz de covarianza de
tamafios poblacionales verdaderos; Matriz de
covarianza de tamafios poblacionales estimados
con M,,.; C. Matriz de covarianza de indices
poblacionales (nimero de animales capturados
Nc); D. Diagonal en las correlaciones estimadas
(valor verdadero para p = 0,7)

Popl Pop2

A

Popl 0.213 0.149

Pop2 0.149 0.206
B

Popl 0.249 0.150

Pop2 0.150 0.250
C

Popl 0.255 0.149

Pop2 0.149 0.25
D

Estimated population size using model M,: 0.54

Estimated population size using model M,,: 0.60

Population counts (N,): 0.59

Table 4. Correlations and covariance matrices
estimated using a 1,000 year time—series and
a AR2 process (cyclic population). All
covariances and correlations are calculated
using log—transformed data: A. Covariance
matrix of the true population sizes; B.
Covariance matrix of the estimated population
size using M,,; C. Covariance matrix of the
population indices (number of animals caught
Nc); D. Bias in the estimated correlation (true
value for correlation = 0.7).

Tabla 4. Correlaciones y matrices de covariantes
estimadas utilizando una serie temporal de
1.000 afios y un proceso AR2 (poblacion ciclica).
Todas las covariantes y correlaciones se
calculan mediante datos transformados
logaritmicamente: A. Matriz de covarianza de
tamafios poblacionales verdaderos; Matriz de
covarianza de tamafios poblacionales estimados
con M,,.; C. Matriz de covarianza de indices
poblacionales (nimero de animales capturados
Nc); D. Diagonal en las correlaciones estimadas
(valor verdadero para correlacién = 0,7).

Popl Pop2

A
Popl 0.268 0.165
Pop2 0.165 0.235

B
Popl 0.312 0.172
Pop2 0.172 0.279

C
Popl 0.321 0.172
Pop2 0.172 0.280

D

Estimated population size using model M,: 0.50

Estimated population size using model M, ,: 0.58
Population counts (N,): 0.57

ment error since the extent of measurement error
and therefore the bias is likely to differ among
species and variables.
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