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Abstract

Quantification of the movement of insects at field and landscape levels helps us to
understand their ecology and ecological functions. We conducted a meta-analysis on
movement of carabid beetles (Coleoptera: Carabidae), to identify key factors affecting
movement and population redistribution. We characterize the rate of redistribution
using motility p (L> T™"), which is a measure for diffusion of a population in
space and time that is consistent with ecological diffusion theory and which can be
used for upscaling short-term data to longer time frames. Formulas are provided to
calculate motility from literature data on movement distances. A field experiment
was conducted to measure the redistribution of mass-released carabid, Pterostichus
melanarius in a crop field, and derive motility by fitting a Fokker-Planck diffusion
model using inverse modelling. Bias in estimates of motility from literature data is
elucidated using the data from the field experiment as a case study. The meta-analysis
showed that motility is 5.6 times as high in farmland as in woody habitat. Species
associated with forested habitats had greater motility than species associated with
open field habitats, both in arable land and woody habitat. The meta-analysis did
not identify consistent differences in motility at the species level, or between clusters
of larger and smaller beetles. The results presented here provide a basis for calculat-
ing time-varying distribution patterns of carabids in farmland and woody habitat.
The formulas for calculating motility can be used for other taxa.
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Introduction populations is affected by their dispersal within and between

habitats in the landscape. Hence, spatial movement of cara-

Carabids are an abundant group of predators in farmland
and an important component of the beneficial fauna that con-
tributes to biological control of crop pests (Kromp, 1999;
Sunderland, 2002). The role of carabids in reducing pest
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bids has drawn considerable interest (e.g. Bertoncelj and
Dolman, (2013), Gordon and McKinlay (1986), Joyce et al.
(1999), Kennedy (1994), Negro et al. (2008), Rykken et al.
(2011), Zhang et al. (1997), Baars, 1979a; Wallin & Ekbom,
1988; Lys & Nentwig, 1991, 1992; Charrier et al., 1997).
Studies on movement (i.e. the spatial behaviour of indivi-
duals) and dispersal (i.e. the spatial redistribution of popula-
tions) abound in the literature. Dispersal and movement are
related as it is (in part) random movement of individuals
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that underlies the redistribution in space of a population
(Turchin, 1998; Nathan et al., 2008; Schellhorn et al., 2014).
Several attempts have been made to mathematically model
dispersal of carabids under field conditions (Sherratt &
Jepson, 1993; Firle et al., 1998; Westerberg et al., 2005;
Benjamin et al., 2008).

A common starting point for modelling arthropod move-
ment is the assumption that an individual follows a random
walk. The consequences at the population level of random
walks by individuals can be mathematically modelled with
diffusion (Turchin, 1998; Ovaskainen, 2008). Two subtly dif-
ferent diffusion laws are applied in ecology: Fickian diffusion
and Fokker-Plank diffusion. Fickian and Fokker-Planck diffu-
sions are similar in the sense that the modelled fluxes are func-
tions of local densities. There is, however, a critical difference
in how the flux is expressed. In Fickian diffusion, the flux is
proportional to the local density gradient:

flux ~D N
ox
where D is the diffusion coefficient (m?>d~!), N is the local
density (# m™2), and x is space (m). In Fokker—Plank diffusion,
the flux is proportional to the gradient in the product of dens-
ity and motility:

)
ox

flux ~

where i is the motility (m* d™"). If space is homogeneous (spa-
tially invariant D and p), the solutions of Fickian and Fokker—
Plank diffusions are identical. If p is spatially varying, the
Fokker-Plank diffusion allows a persistent difference in dens-
ity between adjacent locations, with density proportional to
the inverse of the motility, contrary to Fickian diffusion
which eventually results in evening out of density differences,
irrespective of the spatial variation in D (Turchin, 1998). Given
the spatial heterogeneity in real landscapes, and the fact that
organisms respond with their movement to local conditions,
the usage of Fokker—Plank diffusion rather than Fickian diffu-
sion is advisable (Turchin, 1998).

Many studies on movement ecology of carabids were
based on the movement of individuals, whereas some studies
quantified dispersal following mass release. Both types of
measurement can be used to predict the rate of dispersal,
defined as the rate at which a population spreads over space
according to random dispersal. The rate of movement in stud-
ies on individuals is usually expressed as distance covered per
day (L T™Y), averaged over a varying time period (e.g. Thiele,
1977; Lys & Nentwig, 1991; Holland et al., 2004), or distance
covered in a single day (e.g. Wallin & Ekbom, 1988; Lys &
Nentwig, 1992). Although daily displacement is easy to inter-
pret and understand, it cannot directly be scaled up to move-
ment at larger time scales, because actual movement has an
important random component which is not accounted for in
a linear movement rate. Random walk theory predicts that dis-
persal distance increases with the square root of time (Turchin,
1998; Codling et al., 2008). The distance covered by individuals
in a population can be characterized by the variance of the dis-
tribution of dispersal distances. This variance increases linear-
ly in time, in proportion to the value of the motility: o* = 4ut.
Motility is therefore better suited to upscale movement than
linear distance, but has in only few cases been estimated
from data (Drach & Cancela Da Fonseca, 1990; Petit & Burel,
1993; Thomas et al., 1998; Bommarco & Fagan, 2002). More
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often, authors report measures of linear displacement of
carabids.

Parameters of the dispersal process can also be estimated
using inverse modelling (Ovaskainen, 2008). Inverse model-
ling is the process of identifying model structure and param-
eter values from a set of data. It involves the fitting of multiple
model versions, each based on different sets of assumptions, to
the same data, and the use of information criteria such as
Akaike’s Information Criterion (AIC), to select the model(s)
with the greatest support from the data (e.g. Hilborn &
Mangel, 1997; Bolker, 2008). Use of an information criterion
in model selection helps to balance goodness of fit with the
number of parameters that need to be estimated, and avoid
overfitting. The model with the greatest support from the
data is interpreted as the set of ecological hypotheses that
has the greatest support from the ecological data (Hilborn &
Mangel, 1997; Bolker, 2008).

This paper addresses the problem of estimating motility
from linear displacement data, and seeks for patterns in
motility data reported in the literature. For this, we use
meta-analysis. The aims of this paper are twofold. First, we
present approximate methods to estimate motility from
literature data on linear displacement, and analyse a mass
mark-recapture dataset with Pterostichus melanarius in a
homogeneous habitat to compare results of inverse model-
ling with those of mathematical formulas. Secondly, we
present an overview of motility estimates based on literature,
and ask whether there are consistent differences in move-
ment between carabid species and between habitats, and
whether the obtained estimates of muotility are affected by
the empirical method used to obtain the movement data
and the method used to calculate motility from the data.
Thirdly, we show how pitfall catch data may be
transformed into estimates of density, using the concept of
motility.

Materials and methods

In this section, we first give an overview of the movement
data reported in literature used for the meta-analysis, explain
how motility was approximated from dispersal distances, and
describe the statistical analysis of the movement data.
Secondly, we describe the experimental design of a mark—
recapture experiment with P. melanarius, the Fokker—Planck
diffusion model for analysis of these data, the parameter esti-
mation procedure, the boundary conditions used for the
numerical solution, and the model selection procedure and
statistical methods that were used to discriminate between
model variants and calculation of confidence intervals for
parameters. Thirdly, we show how the concept of motility
may be used to convert pitfall catches of carabids into esti-
mates of density.

Meta-analysis on motility of carabids
Literature search

Studies that report experimental field data on movement or
the diffusion rate of carabids were gathered from a review by
Brouwers ef al. (2009) and by a literature search on ISI web of
Science in January 2014. The database was searched for articles
with the terms ‘movement’, ‘dispersal’, ‘diffusion’, and ‘motil-
ity’ in the topic and ‘carabid* or ‘ground beetle* in the title.
The titles and abstracts of the resulting 295 references were
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checked for relevant content. Studies were included if they (1)
were conducted under field conditions and (2) reported a diffu-
sion coefficient or motility, or reported the mean distance moved
and a measure of variability (standard deviation, standard error,
or confidence interval) from which the variance of movement
distance could be calculated. The variance is needed to calculate
motility from measures of linear movement (see below).

The literature search yielded 16 studies in 15 papers that
met the inclusion criteria for the meta-analysis (table S1,
Appendix A, Supplementary materials). Four studies, includ-
ing the field study described in this paper, gave a direct esti-
mate of motility and are referred to as the analysis method
‘direct’. The other 12 studies reported a mean net displace-
ment rate calculated over recaptures made in a single day
(‘one-day’) or a mean net displacement rate calculated over
recaptures made over multiple days (‘multiple-days’). In 8
out of 16 studies, carabid movement was studied with
individual mark-recapture. In individual mark-recapture,
beetles are individually marked and the moment and location
of recapture in a grid of pitfall traps is recorded. Individuals
may be re-released after capture. Six of the 16 studies were
based on mass mark-recapture, in which no individual
marking is done and beetles are released only once. Finally,
2 of the 16 studies used telemetry (harmonic radar or radio
tracking) to follow the movement of individual beetles at
15 min intervals during a period of continuous activity.

The four studies that directly estimated motility from
movement data used different analytical methods. Drach
and Cancela Da Fonseca (1990) and Petit (1994) derived motil-
ity from the slope of the dispersal gradient. Thomas et al.
(1998) derived motility from the slope of the linear relationship
between squared displacement distances and time duration
between release and recapture (see Equation (2) below). The
direct estimate of motility from our own study was obtained
by inverse modelling (Section 2.2) and checked with
Equation (2) (see below).

Estimating motility from movement distance

The average movement rate, as reported in several studies,
is calculated from observed dispersal distances in a mark
recapture experiment in an unbounded space as:

n
Fmiy M
ni ki

where d; is the distance (from the point of release) at which
the ith individual is found at time ¢; and 7 is the number of in-
dividuals. From the same mark-recapture data motility can be
calculated using the random walk theory (Turchin, 1998) with
the formula:

1 n ﬁ

- @
4n = t;

w

In the dataset that we used in the meta-analysis, some stud-
ies reported average distance d + SE covered in 1 day. In this
case, u was calculated as (see Appendix B, Supplementary
materials):

R
,u,~4d +4var(d) 3)

The variance was calculated as nSE?, where 7 is the sample
size and SE is the reported standard error of the mean.
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Twelve studies reported the average distance covered per
day over periods from 1 up to 125 days. None of these studies
reported how many beetles were collected on each day. Again,
we used Equation (3) to estimate motility from the average
movement distance per unit time. The average distance cov-
ered per day, calculated over longer time frames than 1 day,
is expected to give underestimates of the true distance covered
per day because of the less than linear increase of dispersal dis-
tance with time. The calculation method of dispersal distance
was included in the analysis as a covariable to determine
whether the expected bias in estimated p could be identified
from the data.

Statistical analysis

A total of 58 data records was extracted from the 16 stud-
ies included in the meta-analysis (table S1, Appendix A,
Supplementary materials). These 58 records contained data
on 17 carabid species, with 10 species (40 records) associated
with open field habitats and 7 species (18 records) asso-
ciated with forested habitats. Linear mixed models were
used to analyse the data. Literature source was used as a
random term to account for random effects of study. The
explanatory fixed terms of the model were: observation
method (individual mark-recapture, 37 records; mass
mark-recapture, 14 records; telemetry, 7 records), analysis
method (direct, 9 records; one-day, 24 records; multiple-
days, 25 records), habitat type (arable land, 40 records;
woody habitat, 18 records) and one out of the three vari-
ables: species, species grouped according to a size class or
grouped according to habitat association. We did not
include the three variables related to species in one model
to avoid a high degree of collinarity and confounding.
Habitat type was grouped according to the major area in
which the experiment took place, either farmland with or
without margin habitats or woody habitat, i.e. hedgerows
or forest patches. The size classes were defined as 10-14 mm
(22 records), 15-19 mm (27 records), and 20-32 mm (9
records). For habitat association species were grouped into
species associated with forested or open habitat. Values of
motility were log transformed to meet the requirement of
normality and homoscedasticity. Normality was checked by
plotting the ordered residuals vs. quantiles of the normal dis-
tribution and homoscedasticity was checked by plotting resi-
duals vs. predictions (Zuur ef al., 2009). Models were ranked
according to AIC, corrected for sample size, AICc (Bolker,
2008). A posterior probability (‘degree of belief’) for each
model was calculated as exp (—AAICc/2) and divided by
the sum of exp (—AAICc/2) over the considered models
(Bolker, 2008, p. 215). For the model with the lowest AICc,
significant treatment effects were further explored using pair-
wise comparisons between treatment levels with Tukey’s
honestly significant differences (i.e. least significant differ-
ences, provided the main effect was significant). All analyses
were performed using the Statistical Software package R (R
Core Team, 2014), and the packages nmle (Pinheiro et al.,
2014), MuMIn (Bartori, 2014), multcomp (Hothorn et al,,
2008), and car (Fox & Weisberg, 2011). Specifically, we
used the function lme for linear mixed models (package
nmle), the function dredge for ranking multiple models
with AICc (package MuMlIn), the function glht (package
multcomp) for making multiple comparisons, and the func-
tion qqPlot (package car) for checking normality of the
residuals.
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Table 1. Ranking of different parameterizations of a linear mixed effect model in a meta-analysis of motility in relation to habitat, species
traits, and methods for observation and data analysis. Factor levels are given in the footnote. Literature source was included in all models as a
random term. A plus symbol indicates a factor is included in the model. df is degrees of freedom (number of estimated parameters), LL is log
likelihood, AICcis Akaike’s Information Criterion, corrected for sample size, AAICc is the change in AICc compared to the best model, p,,, is
the marginal probability of the model, and model weight is the relative degree of belief assigned to a model. Model weight is calculated as the
marginal likelihood py,, divided by the sum of the marginal likelihoods (see Bolker, 2008, p. 215).

Model Habitat Species Analysis Observation df LL AICc AAICc pm Model
type Size Habitat method method weight
Species  class ass.

1 + + + 7 =775 1712 0 1.00 0.394
2 + + 5 =810 1731 19 039 0.152
3 + + + 7 =786 1734 22 0.33 0.131
4 + + 6 -804 1744 32 0.20 0.079
5 + + 6 -804 1745 33 0.19 0.076
6 + + + + 9 =767 1752 4 0.14 0.053
7 + 4 838 1764 52 0.07 0.029
8 + + + 8 =791 177 5.8 0.06 0.022
9 + + + 8 =791 1771 59 0.05 0.021
10 + + + 8§ -795 178 6.8 0.03 0.013
11 + + 6 —823 1782 7 0.03 0.012
12 + 5 —845 180.1 8.9 0.01 0.005
13 + + + + 10 -78.0 180.7 95 <0.01 0.003
14 + 5 =851 1813 10.1 <0.01 0.003
15 + + 6 —84.0 181.6 104 <0.01 0.002
16 + + 7 —832 1827 115 <0.01 0.001
17 3 882 1828 116 <0.01 0.001
18 + + 6 —85.0 183.6 124 <0.01 0.001
19 + 4 877 1841 129 <0.01 0.001
20 + + 7 —842 1846 134 <0.01 0

21 + + + 8 —83.0 1849 137 <0.01 0

22 + + 7 —846 1854 142 <0.01 0

23 + 5 875 1862 15 <0.01 0

24 + + + 9 829 1875 163 <0.01 0

25 + 20 -703 2034 322 <001 0

26 + + 21 —68.0 203.6 324 <0.01 0

27 + + + 23 —63.5 2055 343 <0.01 0

28 + + + 23 —645 2076 364 <0.01 0

29 + + 22 —683 2094 382 <001 0

30 + + 22 —683 209.5 383 <0.01 0

31 + + + + 25 —62.0 2146 434 <0.01 0

32 + + + 24 —66.2 216.7 45.5 <0.01 0

The following factor levels were distinguished. Habitat type: arable land or woody habitat; Species: species identity, species size class, or spe-
cies habitat association; Observation method: individual mark-recapture, mass mark-recapture, or telemetry; analysis method: direct, one-
day, or multiple-days. To avoid collinearity, maximally one of the factors species, size class, or habitat association was included in the model.

Mark—release—recapture study

A mark-release-recapture study was made in the field to
collect data on dispersal and test an inverse modelling frame-
work for estimating motility of P. melanarius. On 26 June 2009,
1000 adult beetles (500 males plus 500 females) were released
in a 6 m? release area in a 50 x 250 m large field of winter
triticale (x Triticosecale Wittmack.) undersown with grass—
clover at the experimental farm Droevendaal, Wageningen,
The Netherlands. Beetles had been collected in the week before
release using pitfall traps and had been kept in a dark room at
4°C with defrozen fly maggots (Lucilia caesar) as food. A few
days before release, beetles were marked with red nail polish
(HEMA, long lasting no. 84). After release, beetles were recap-
tured with pitfall traps placed in circles of 10, 20, and 30 m
radius around the centre of release (fig. 1). At each trapping
station, a cross-shaped barrier was placed with three pitfall
traps in each quadrant. The numbers of beetles caught per
trapping station were counted daily for a period of 2 weeks.
Recaptured beetles were removed from the experiment.
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Fokker—Planck diffusion model for spread

Motility was estimated by fitting an extended Fokker—
Planck diffusion model to the mark-recapture data:

Ny (32 2

aF ﬁ + @) ,u'x’ny,y.t - (§+ ax,y)Nx,y,t “)

where N, , , is the density of beetles at location (x, ) at time t;
My 18 motility (m?d™") at location (x, € (d™Y) is a relative
loss rate of beetles due to other causes than recapture (e.g.
death or mark wear), hereafter: relative loss rate; and o,
(d™") describes the rate of recapture at location (x, y) which
we assume to be proportional to density at location (x, v)
(Baars, 1979b, Turchin & Thoeny, 1993). We call o, the rela-
tive recapture rate and assume that o, is proportional to
the motility, ., of the beetles:

ax,y = wx,yl“/x,y (5)

where the constant of proportionality e, , (m™?), is a measure
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Fig. 1. Schematic overview of the layout of traps in the field experiment. At each trapping station a cross-shaped plastic barrier was placed

with three pitfall traps in each quadrant.

for trapping efficiency. Atlocations without traps o, , = o, = 0.
The relative recapture rate o, can be interpreted similar to the
relative loss rate § with the one difference that oy, is location
specific, whereas & is the same everywhere.

Model predictions were obtained by numerical integration
of Equation (4) using the forward central finite difference
method (Press et al., 2007) on a lattice of grid-cells with mesh
size Ax=Ay=1m. The time step of integration At was
one-third of an upper value Af,,, obtained using the Von
Neumann criterion (Press et al., 2007):

h?
Aty = 4+ 0.5 (a + HH? ®
in which 1* = AxAy.

The simulated field of grid cells was bordered on all sides
by a 1-m wide ‘slow-release’ boundary with a reflective outer
edge. This slow-release boundary represents in an abstract
way the ‘landscape context’ of the experiment. The motility
Uo in this slow-release boundary determines how long beetles
are retained outside the field before returning. In this way, the
model was allowed to ‘choose’ the most appropriate boundary
conditions, from reflective to absorbing, or intermediate.
When motility in the boundary strip is small compared with
motility in the field, then the boundary strip acts as a semi-
absorbent boundary or slow-release boundary. If motility in
the boundary strip is zero, then beetles have a zero return
probability, resulting in an absorbent boundary. A ratio of mo-
tilities in the boundary strip and in the crop field >1 will result
in a reflective boundary.

Model calibration and model selection

Values of model parameters in Equation (4) were identified
by minimizing the negative log-likelihood (NLL) of the data,
given the model (Bolker, 2008):

NLL = = Y n(L(Yoilf (i, ) @
ti

where L is the negative binomial or Poisson likelihood of
the data Y;; given model predictions f at time ¢ and trap loca-
tion i, based on parameter vector p. The NLL was minimized
using a differential evolution algorithm (Storn & Price, 1997),
implemented in C++ code that is part of the Landscape
IMAGES framework (Groot et al., 2010).
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The most appropriate boundary conditions and error dis-
tribution, and the appropriateness of including a loss term
were determined by model selection based on AIC (Hilborn
& Mangel, 1997; Van den Hoeven et al., 2005; Bolker, 2008).
First, the best boundary conditions were determined by com-
paring AICs of models with absorbing, reflective or slow-
release boundaries calibrated to the pooled male and female
catches, using a negative binomial error model and optimizing
for y, & and ®. The model variant resulting in the lowest AIC
was then also fitted using a Poisson error model. Finally, using
the boundary conditions and error model of the model with
the lowest AIC we compared models with and without
relative loss rate. This was done for male and female beetles
separately, in order to verify whether any of the parameters
u, & or o differed between the sexes. The lower and upper
bounds of parameters were found as those values at which
the difference in negative log-likelihood with the best fitting
model was equal to x3(0.95)/2 = 1.92 (Hilborn & Mangel,
1997; Bolker, 2008).

Estimating population density

The relative recapture rate Oy y (Equation (5)) multiplied by
the density of beetles and the time duration of trapping deter-
mines the number of beetles caught in a given amount of time.
The relative recapture rate was estimated using data of the
marked beetles. Its value may be used to estimate the density
of unmarked beetles, assuming marked and unmarked beetles
have the same relative capture rate. The population density of
the natural population at a particular trapping station was
therefore calculated as:

Ndcns'm' = NCﬁptuféd (8)
’ At
Results

Meta-analysis on motility of carabids

The habitat in which movement was measured was se-
lected as an explanatory variable in each of the 11 best models,
representing together an overall model weight, or posterior
probability, of 98.2 % (table 1), underscoring the importance
of habitat conditions for movement. Species, on the contrary,
had minimal explanatory importance in the model selection. It
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Table 2. Average motility + SE of beetles per habitat in which mea-
surements were made and species’ habitat association according to
the meta-analysis.

Habitat association

Open field Forested habitat
Habitat N records Motilit}l N records Motilit
type (species) (m*d™) (species) (m*d™)
Arable 34 (7) 79+15 6 (2) 215+132
land
Woody 6 (5) 6+3 12(7) 24+7
habitat

was selected in the eight worst models, with an aggregate pos-
terior probability «0.001 (table 1). The first 11 models that
contained habitat type as an explanatory factor further con-
tained one or more of the factors observation method, analysis
method, and habitat association as explanatory variables. The
model selection does not allow identifying which of these lat-
ter factors matter most, because the difference in AICc
between the models is smaller than two, indicating that they
are not identifiably different (Bolker, 2008). The model with
the strongest support from the data (model 1) included habitat
type, habitat association of the species, and method of analysis
as explanatory variables.

The model with the greatest support from the data (model
1in table 1) had a degree of belief of 39.4%, substantially great-
er than the degree of belief of the second and third best models
(15.2 and 13.1%, respectively), and much greater than lower
ranking models. The best three models all had the habitat in
which measurements were made, and the habitat association
of the species as explanatory variables. Based on pairwise
comparisons of parameters using Tukey’s HSD, there was a
significant difference in motility between measurements in
arable land and woody habitat, with motility 5.6 times higher
in arable than in woody (e.g. hedgerow or forest) habitat (z =
—4.5; P<0.001). A significant difference in motility was
found between species associated with different habitat asso-
ciations with motility 2.3 times higher in species associated
with forested habitat than in species associated with arable
land (z=2.6; P=0.01). Beetles associated with forest habitat
moved faster than beetles associated with open habitat, both
in arable land and in woody habitat (table 2).

In the best model variant, there was a significant difference
in motility between analysis method ‘one-day’ and ‘multiple-
days’. Motility derived from measurements after one day was
3.4 times higher than motility derived from measurements ob-
tained over multiple days, supporting the hypothesis that ex-
tending measurements over multiple days would lower
estimates of motility based on measurements of linear dis-
placement with Equation (3) (z=2.8; P =0.014). The result of
analysis method ‘direct’ was intermediate between ‘one-day’
and ‘multiple-days’, and it did not differ significantly from
either (z=1.0; P =0.64 for the comparison direct vs. multiple-
days, and z=1.6; P=0.25 for the comparison direct vs.
multiple-days).

Estimating model parameters from data using inverse modelling

In total 108 males were recaptured in the mark-release—
recapture experiment, vs. 70 females, a significant difference
in a binomial test at P =0.002. Beetles did not disperse in a
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preferential direction according to the Rayleigh test from cir-
cular statistics (r=0.0673; P>0.3). A comparison of models
with different boundary conditions on the combined dataset
of males and females demonstrated no difference in explana-
tory power between models with reflective, absorbing or slow-
release boundaries, or a model with Poisson errors (table S2,
Appendix C, Supplementary materials). The model with
reflective boundaries and a negative binomial error distribu-
tion (model 1, table S2, Appendix C, Supplementary materials)
had the lowest AIC and was used for further model selection.
A comparison of models with and without a loss term for
removal due to recapture demonstrated a lower AIC for the
model with a loss term for males and females (models 5 and
model 7, respectively, table 52, Appendix C, Supplementary
materials). The overall motility (and 95% confidence interval)
of the best model (model 1, table S2, Appendix C,
Su?plementary materials) was 17.9m*d™! (14.8-223 m?
d™). The overall trapping efficiency was 0.253 (0.150-0.425)
and the overall loss rate was 0.107 d™' (0.068-0.144 d™") (fig.
S1, Appendix C, Supplementary materials). The associated
motility estimates for male and females (models 5 and 7,
table S2, Appendix C, Supplementary materials) were 19.3
m?d~! (15.1-257 m*d~") for males and 15.5m*d~" (11.7-
21.9 m? d7") for females. The overlapping confidence intervals
for the sexes indicate that motility was not significantly differ-
ent between male and female beetles.

The simulated result of the overall best model (model 1,
table 52, Appendix C, Supplementary materials) overesti-
mated cumulative recaptures at 10 m distance during the
first week and at 20 m distance at days 5-7, but fell within
the 95% confidence margin of the data during the rest of the
days (fig. 2). At 30 m distance, model predictions were within
the 95% confidence intervals of the data at all times. The spa-
tial distribution of beetles over time is shown in fig. 3. By day 7,
about 61% (N = 612) of beetles had been lost due to recapture
(N'=120), or due to other factors such as mortality or mark
wear (N =492). The remaining 388 beetles were more or less
homogeneously distributed, albeit still with a slightly higher
density in the centre of the plot.

Densities of the background population of P. melanarius
that were also caught in the pitfalls were calculated using
Equation (8) with the values for motility and trapping effi-
ciency of the best model (0 =0.253, u=17.9 m* d~"). During
the 14 days timespan of the experiment population density
varied between 1.8 +0.3 and 9.9+ 0.6 m™". To explain these
large differences in estimated population size over a relative
short period of time we explored a possible influence on
the catch of night temperature. Indeed, a positive association
between catch and temperature was found (fig. S2, Appendix
C, Supplementary materials).

Calculating mean daily dispersal distance and motility from data

In this section, we show three frequency distributions for
different measures of dispersal rate of beetles in the mark-
recapture experiment. The first distribution shows the daily
displacement distance as it is often presented in literature
(fig. 4a). The second distribution represents the motility of re-
captured beetles (fig. 4b). The last distribution represents a dis-
persal rate calculated as two times the square root of the
motility of an individual (Equation (2); fig. 4c). The latter re-
presents the square root of the mean-squared dispersal dis-
tance following a point release, i.e. the standard deviation of
the distribution kernel after one day. While the unit of this
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Fig. 2. Cumulative number of observed (o) and predicted (x) P. melanarius recaptured over time at 10, 20, and 30 m distance from the release
site in the mark-release-recapture experiment. Predictions are made with model 1 (table S2, Appendix C, Supplementary materials). The

error-bars indicate 95% confidence limits.

Day 0 : N= 1000

y-dimension (m)

x-dimension (m)

Day 5 : N =516

N =218

Day 11:

variable is m d /2 and may not be interpreted as a linear rate,
the numerical value nevertheless represents the distance an
individual would cover in 1 day, while twice this distance
would be covered in 4 days, and three times this distance in
9 days. The frequency distribution of the dispersal distance
per square root of time is wider and more towards higher va-
lues than the frequency distribution in fig. 4a. The mean + SE
(N =178) of the daily displacement distance in figs 4a and c are
3.4+0.19 and 7.5+ 0.3 m d~'/?, respectively. The mean + SE
motility calculated from the motility of individual beetles
was 17.1+1.3m?d~! (N=178), similar to the motility esti-
mated from the Fokker—Planck model.

The effect of the time interval between release and recap-
ture on movement rate and motility is illustrated in fig. 5.
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Fig. 3. Time evolution of the distribution of P. melanarius in the mark-release-recapture experiment, simulated by model 1 (table S2, Appendix
C, Supplementary materials). Numbers above the figures are the number of beetles in the simulated space. The first panel (day 0) shows the
location of trapping stations (x) and the release area (o). For days 1-13 the colour bar in the top right corner indicates beetle density per 1 x 1 m
grid cell. *For day 14 the colour bar (bottom right corner) is adjusted to express density relative to the maximum density in the plot.
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There is a clear downward trend in the movement rate with
increasing duration between release and recapture that ap-
proaches an asymptote after 2 weeks. For motility the same
downward trend is visible, but it is shallower, and the peak
is at day 2. The movement rate determined at the first sam-
pling day was three times higher than the movement rate de-
termined over all days suggesting an effect of the initial
release.

Discussion

Analysis of movement data should be consistent with ran-
dom walk theory to enable scaling up. Calculation of motility
satisfies this requirement. In the literature on carabids,
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movement of carabids has mostly been treated as a linear pro-
cess in which the estimated movement rate is dependent on
the time interval over which it is determined. While reviewing
literature on dispersal of carabid beetles we found a large var-
iety of terminology used to describe the dispersal rate, includ-
ing daily distance covered, minimum distance travelled, mean
distance covered, distances moved, distance travelled, and the
rate of movement. Here we standardized the available infor-
mation on movement of carabids by calculating motility and
looked for patterns through meta-analysis.

In the meta-analysis, the habitat in which motility was
measured and the habitat association of beetle species were
the most important variables explaining differences in motil-
ity. Species associated with forested habitat moved faster
than species associated with open habitat, both in arable
land and in forest habitats. Species and size class had no
explanatory value. Individual studies, however, show that
within habitat types, the movement rate can differ between
species (Wallin & Ekbom, 1988; Lys & Nentwig, 1991, 1992;
Wallin & Ekbom, 1994; Holland et al., 2004). From the data
available, we cannot confirm that those species effects in indi-
vidual studies may be generalized across studies. It is possible
that the species differences in individual studies are genuine
and general, but the dataset for meta-analysis was too small,
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and the movement data too variable to identify species effects
across studies. An alternative explanation is that differences in
motility between species are not general because of a large
variability in the movement rate within species. The two pos-
sibilities are related and both plausible. The database is lim-
ited, and the variability of motility is very large. It is very
likely that one species may have different movement re-
sponses in different studies because, e.g., of interactions with
habitat (Greenslade, 1964), responses to differences in experi-
mental manipulation (Bommarco & Fagan, 2002), or intrinsic
motivation to move in relation to the feeding state, time of the
year, or other factors affecting motivation to move (Mols,
1993). Further work is needed to elucidate differences between
species in their movement responses.

The meta-analysis showed that estimates of motility were
biased by the observation method and the method of analysis.
These factors were confounded and the bias cannot be exclu-
sively attributed to either of these two factors. The observation
method and the method of analysis are both related to the time
length of study. The length of time of study was between 1 and
138 days for IMR and MMR but only 1 day for radio tracking
and harmonic radar. We illustrated the effect of time length of
study on the movement rate and motility for our own field
data with P. melanarius. The movement rate and motility
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decreased with increasing time window over which these vari-
ables were estimated. This pattern may be explained from a
selective capture of the faster moving individuals from the re-
leased population, as faster moving individuals are at greater
risk of capture than slower moving individuals. As time in-
creased, fewer and fewer fast moving individuals will be cap-
tured, lowering the average movement rate. In addition, data
from mark-recapture studies are censored in space due to lack
of pitfalls at very large distances. This is likely to result in some
negative bias in estimated u due to underrepresentation of far
dispersal in the sample. Following individuals in the open
field, i.e. with harmonic radar, should result in unbiased esti-
mates of p as the distances from all released individuals (slow
and fast) are known.

We showed that motility can be calculated from squared
displacement distance and the time duration between release
and recapture (see Equation (2)) and that this estimate was
equal to motility estimated from a Fokker-Planck diffusion
model calibrated to the same data. In the first case, motility
was calculated as an average over motility of individuals, in
the second case motility was estimated from a population
density distribution fitted to the recapture data. The similarity
in motility between these two very different approaches
strengthens the confidence in motility as a suitable concept
for quantifying dispersal rate of carabid beetles, and in inverse
modelling as a method to retrieve movement parameters from
observed patterns. Inverse modelling can also be used in het-
erogeneous spatial settings in which estimation of u by aver-
aging of squared displacement across individuals as in
Equation (2) is not possible.

From the motility of individual beetles we can calculate a
measure for random displacement 2./uf which represents
the standard deviation of the dispersal distribution at time
t following a point release. Movement rate calculated as a lin-
ear process has the unit m d ™' but is inappropriate for scaling
up over longer time frames because it is not consistent with the
random movement theory. The standard deviation of the dis-
persal distribution 2,/uf reflects the displacement process in
an intuitive way to biologists because it is expressed in metres
and the form of the formula, with the square root of time, sig-
nals the apparent decay in the rate of random displacement
with time. This measure can be used for scaling up movement.
In the current study, the standard deviation of the dispersal
distribution was 7.5 m after 1 day. Scaling up movement of
P. melanarius to cover a whole growing season of 14 weeks
would result in a root-mean-squared dispersal distance of
74 m (7.5v/14 x 7), spanning an area of 1.7 ha if we take 74
m as the radius of a circle. This estimate of area covered is
close to the lower limit of 2-7 ha predicted by Firle et al.
(1998) for this species over the same time period using an
individual-based simulation model parameterized on
tracking data of movement in the field collected at 15 min
time intervals during one activity period. After 30 days the ex-
pected mean dispersal distance of P. melanarius is 41 m, which
is in accordance with the observation of Thomas et al. (1998) in
a large mark-recapture experiment that few individuals
dispersed further than 50 m in 30 days. With motility and its
associated true daily dispersal distance we thus can compare
the results between studies beyond the scale at which the
observations were taken.

With information on motility and catch efficiency, it would
be possible to estimate population densities from pitfall catch
data. Usually, however, the motility will not be precisely
known, and the results of the current meta-analysis are not
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consistent enough to predict motility for different species
and environmental conditions and habitats, even if some
trends on habitat effects and species traits are apparent. The
positive exponential relationship between the pitfall catches
and temperature during the night preceding the emptying of
the pitfalls (fig. 52, Appendix C, Supplementary materials) in-
dicates a strong and significant temperature effect, qualitative-
ly and quantitatively consistent with results of a meta-analysis
by Saska et al. (2012). The results presented here indicate that
in future model selection studies, inclusion of temperature ef-
fects on catch efficiency might be considered.

Another major challenge in the study of carabid movement
is to incorporate habitat heterogeneity and to study the influ-
ence of habitat heterogeneity and habitat interfaces on move-
ment (Allema ef al., 2014). The foundation for a methodology
to analyse mark-recapture data from a heterogeneous
environment is laid in this study with the evaluation of a
Fokker-Planck diffusion model.

The supplementary material for this paper can be found at
http://www journals.cambridge.org/BER
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