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et al. 2010) can be used as indicators. In the case of
photometric data, the indicators are generally the luminosity
gap (Jones et al.2003) and the BGG offset(Sanderson et al.
2009). Also, some spectroscopic indicators could be used, such
as velocity segregation(Lares et al.2004; Nascimento et al.
2019; Raouf et al.2019) and the Anderson Darling(AD) test
that is based on the Gaussianity of the velocity distribution
(Hou et al.2009) of group galaxies. It is worth mentioning that
since X-ray observations are both more expensive and less
available than spectroscopic or photometric observations, some
suggest that it would be better to use the AD test instead of
X-ray probes (Roberts et al.2018). They come to this
conclusion by investigating the correlation between X-ray
indicators and the AD test and showing that these quantities
correlate strongly.

In this study, we investigate the reliability of photometric,
spectroscopic, and X-ray proxies to determine the dynamical
state of galaxy groups. In the era of large surveys, a reliable and
yet economical method of characterizing the halo dynamical
state would be of great advantage for statistical studies aimed at
understandingthe role of environment on galaxy properties.
Motivated by our previous studies employing the luminosity
gap and the BGG offset, we introduce a bivariant correlation
that is a combination of� m12 andDoffsetto test whether we can
overcome the superiority of the AD test,A2, which is explored
by Hou et al.(2009, 2013). In our study, we use galaxies drawn
from the semianalytic models of Raouf et al.(2017), based on
the Millennium Simulation(Springel et al.2005), the so-called
Radio–Semi-Analytic Galaxy Evolution(SAGE). The advan-
tage of simulated data is that through the semianalytic models
we can reliably obtain the mass assembly history of a dark
matter halo. We also apply our� nding on observed galaxy
groups of the Yang catalog(Yang et al. 2005, 2007) to
compare the predictions of the simulations with the observa-
tions. Throughout this paper, we adopt

�� � � � �H h100 km s Mpc0
1 1 for the Hubble constant

with h�= �0.73.

2. Data and Mock Catalog

2.1. Simulated Data

In this study we use the public release of the Millennium
Simulation with a � CDM cosmology and the following
parameters:� m�= �0.25, � b�= �0.045, � � �= �0.75, h�= �0.73,
and n�= �1,� 8�= �0.9. The simulation box(500h� 1 Mpc)3

contains 21603 particles and presents the mass resolution of
8.6× 108 �h� 1�Me . The dark matter merger trees within each
simulation snapshot(64 snapshots) are expanded approxi-
mately logarithmically in time betweenz�= �127 andz�= �0 and
extracted from the simulation using a combination of friend-of-
friend (FoF; Davis et al.1985) and SUBFIND(Springel et al.
2001) halo � nders algorithm. The gas and stellar components
of galaxies in dark matter halos are constructed semianalyti-
cally, based on different phenomenological recipes. We are
using the radio semianalytic galaxy evolution(Raouf et al.
2017, Radio–SAGE) galaxy formation model that self-
consistently follows the gas cooling–heating cycle in different
types of galaxies and is calibrated to match key observations
for various redshifts(Raouf et al.2019). The galaxy catalog
contains� 51,000 halos with masses above 1013�hr� 1�Me and
� 5 million galaxies from which we only select galaxies
brighter than � 14 in the r-band absolute magnitude for

completeness. Also, we have chosen systems with
MrBGG�< �� 21.5 to remove the modest galaxies with dwarf
satellites.

2.2. Mock Redshift–Space Catalog

To take into account the basic observational limitations, a
mock catalog has been constructed from the algorithm
described in Blaizot et al.(2005) without box transformations
or replication. To do so we(i) place the observer at one of the
vertices of the simulation box and look at the galaxies in the
box through the observer lines of sight;(ii ) then convert the
Cartesian coordinate system(i.e., X, Y, and Z) to celestial
coordinates(i.e., R.A, and decl.); (iii ) measure the redshift of
each galaxy using the Duarte & Mamon(2015) algorithm;(iv)
estimate the luminosity distance DL of each galaxy, using their
computed redshift and comoving distance; and(v) compute the
apparent magnitude of each galaxy from DL and the absolute
magnitude. We estimate the uncertainties on the mean of our
measurements in the same way that is described in Section4.1
of Farhang et al.(2017) . Finally, having the redshift of the
objects, we can easily calculate the line-of-sight velocity of
group members.

2.3. Observational Data

To have a fair comparison with the� ndings of Roberts et al.
(2018), we select the same sample and the same data that they
adopt. Therefore, we use galaxy groups/ clusters with halo
massesMhalo�> �1013 provided by the Yang catalog(Yang et al.
2005, 2007), which are recognized through the FoF algorithm

(Huchra & Geller1982; Press & Davis1982). To compute the
clustercentric radii we use galaxies� redshift, the angular
separation between the galaxy position and the luminosity-
weighted center of the cluster, and then we normalize it toR500,
which is the radii where the inner average density is 500 times
the critical density of the universe.

A subset of the Yang catalog comprising clusters with a
minimum of 10 spec-z members is chosen to ensure an accurate
classi� cation, using the velocity pro� le shape(Hou et al.2009).
To study the relation between optical and X-ray relaxation
indicators, we use a sample of 58 clusters by Roberts et al.
(2018), which are found after cross-matching the Yang catalog
with the Chandra and XMM-Newton X-ray observation
archives. Only X-ray observations with clean exposure times
� 10 ks have been chosen. For the Chandra images, observa-
tions were reprocessed, cleaned, and calibrated by CIAO
version 4.9, and CALDB version 4.7.5. Also, LC_CLEAN
with a 3� �threshold is used to� lter background� ares. In
addition, charge transfer inef� ciency and time-dependent gain
corrections are taken into account. Images are created in the 0.5
� 5 keV energy band. By using the WAVDETECT script, point
sources are identi� ed and then� lled with local Poisson noise
using DMFILTH. Blank sky background images are generated
for each observation using the BLANKSKY and BLANKSKY
IMAGE scripts. For XMM-Newton, data reduction observa-
tions are done by SAS, version 16.0.0. Calibrated event� les
are generated using the EMCHAIN script, and� ltered event
lists were generated using MOS-FILTER. Like the CIAO
images, exposure-corrected images are created in the 0.5
� 5 keV band, and point sources are identi� ed with the
CHEESE script and thereafter� lled with local Poisson noise



X-ray data reduction, we refer the reader to Roberts et al.
(2018).

3. Mass Assembly History and Halo Relaxation Proxies

3.1. Mass Assembly History

We assign a dynamical age to each cluster by obtaining the
halo mass ratio at z∼0.5, 1 to z∼0, which we specify with
αz,0=M200(z=0.5,1)/M200(z=0). We define fast-growth
and slow-growth modes associated with α0.5,0 and α1,0,
respectively. Our intuition is based on the fact that there would
be less available time for halos to grow from z=0.5 compared
to those halos growing from z=1. According to our definition
(Dariush et al. 2007; Raouf et al. 2014), a group is dynamically
unrelaxed if it reaches less than one-third of its final mass by
z∼1 (α1,0<0.3) and is relaxed if it reaches more than one-
half of its total present-day mass by z∼1 (α1,0>0.5). In our
earlier studies (Raouf et al. 2016), we showed a sample of
relaxed groups selected based on the luminosity gap and the
BGG/brightest cluster galaxy (BCG) offset from the halo
center will result in a contaminated sample with a high
dynamical age (α1,0>0.5). Nevertheless, we note that this
method for estimating the dynamical age is not unique and may
show different results when we track the halo individually (e.g.,
see trace method and scatters in Dariush et al. 2010; Gozaliasl
et al. 2014; Farhang et al. 2017).

3.2. Tracers Based on the Luminosity Distribution

3.2.1. Luminosity Gap

One of the most promising and successful halo age
indicators is the luminosity gap (Δm12). It is the magnitude
difference between the first and second brightest galaxy within
half the virial radius of a group as introduced by Jones et al.
(2003) when it is larger than 2 mag for conventional definition
of the fossil galaxy groups (Ponman et al. 1994). Alternatively,
some authors prefer to use the stellar mass ratio between the
second-most-massive and most-massive galaxies in a given
group (Roberts et al. 2018). For a relaxed system, if the
luminosity gap is large, then the stellar mass ratio M2/M1

should be small, while for younger groups M2/M1 has not
reduced enough and is not so small.

3.2.2. Luminosity Decentering

The BGG is expected to be located at the center of the
group’s halos if the group is dynamically relaxed (Ponman
et al. 1994; Smith 2005). We are using optical luminosity
decentering, Doffset, as a tracer of the dynamical age of the
galaxy groups. Merging systems are unrelaxed and have their
BGG displaced from the center of the group halo. To find the
position of the halo center, alternatively, one can use the X-ray
peak and the mass centroid from the gravitational lensing
observations (Oguri et al. 2010; Dietrich et al. 2012; Gozaliasl
et al. 2019). Given that the lensing mass map and the X-ray
emission peaks are not directly accessible through cosmologi-
cal simulations, we rely on the luminosity-weighted centroid of
galaxy groups that is also economically available in the optical
observations.

We calculate luminosity-weighted/centroid by using
= SX X L LL i i i, where Li is the r-band luminosity of the ith

galaxy in a group and Xi is the projected coordinate of each
galaxy.

3.2.3. Bivariant Correlation (B)

In order to come up with a more appropriate photometric
probe, we combine Δm12 and Doffset into a linear bivariant
correlation (B) as

= ´ D + ´ +-C m D D EB Log . 112 off set( ) ( )

This bivariant correlation is basically a mixture of both centroid
shift and luminosity gap. By studying the relation of B with
αz,0 and minimizing the scatter between these two quantities,
we can determine the constant coefficients (C, D, and E) of the
above relation. Specifically, these constants can be found via
the least-squares method, after which we calculate the
correlation coefficient between αz,0 and B.

3.3. Dynamical Tracers

3.3.1. Anderson Darling Test

Some studies (Yahil & Vidal 1977; Ribeiro et al. 2013) show
that the line-of-sight velocity distribution of member galaxies
within a relaxed group/cluster is almost normal; however, the
unrelaxed groups display a larger deviation from the normal
velocity distribution. We can measure the deviation of the
velocity distribution from normality by using Kolmogorov, χ2,
or Anderson Darling (AD) tests. Since the AD test has been
shown to be more powerful and reliable than other tests in
detecting departures from an underlying Gaussian distribution
(see Hou et al. 2009 for details and uncertainties), we employ
this test to measure how much a velocity distribution of
member galaxies deviates from a normal distribution.
The AD test relies on calculating the distance between the

cumulative distribution functions (CDFs) of a specific
distribution and an ideal normal distribution. This distance
can be measured in terms of A2 according to the following
relation:
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where xi<x<xi+1 and Φ(xi) is the CDF of the hypothetical
underlying distribution. Large values of this statistic (A2)
correspond to larger deviations from normality. In the case of a
Gaussian distribution, which is what we are considering here,
we have
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By calculating A2 for a distribution with an arbitrary
significance and comparing it with critical values we can
conclude if a distribution is normal or not (Stephens 1974).

3.3.2. Velocity Segregation (DV̄ )

Another spectroscopic indicator that is helpful in determin-
ing the relaxation state of the galaxy groups is the velocity
segregation. We calculate the velocity segregation between the
BGG and the ith spectroscopic member galaxy within half the
virial radius, using the following relation:
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where n is the number of galaxies in a group, VBGG and Vi are
the line-of-sight velocities of the BGG and ith galaxy,
respectively. Motivated from the velocity profile of groups
and clusters, DV̄ should be smaller for relaxed systems; in
contrast, it should be large for dynamically unrelaxed ones (see
Figure 11 of Raouf et al. 2019).

3.4. Intracluster Medium Tracers

3.4.1. Photon Asymmetry (Aphot)

Photon asymmetry is one of the best model-independent and
most robust techniques to measure the asymmetry of the X-ray
profiles (Nurgaliev et al. 2013). This novel method quantifies
the degree of axisymmetry of X-ray photon distributions
around the X-ray peak; in other words, it demonstrates how
uniform photons are placed in a 2π radian range within an
annulus encompassing the cluster center. For a detailed
explanation regarding the photon asymmetry we refer the
reader to Nurgaliev et al. (2013). We take advantage of the
photon asymmetry calculated by Roberts et al. (2018) using the
following equation:
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where Nann is the total number of annuli, Cj is number of cluster
counts above background within jth annulus, and dN C,j j

ˆ is an
estimated distance between the true photon distribution and the
uniform distribution, given as follows:
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where N is the total number of counts within each annulus, and
C is the number of counts intrinsic to the cluster. In addition,
U2
N is Watson’s statistic (Watson 1961), which can be achieved

by minimizing the following equation:
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here fi is the observed count polar angle, f0 is the origin polar
angle on the circle, and F is the uniform CDF.
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Adapting a similar approach as discussed in Nurgaliev et al.
(2013), dN C,

ˆ is calculated in four radial annuli, which in this
study they range between 0.05R500 and 0.5R500

3.4.2. The Centroid Shift (w)

Another popular X-ray relaxation indicator is the centroid
shift, w. It measures the shift of the X-ray surface brightness
centroid in different radial apertures. While the intracluster
medium center of mass of a system in dynamical equilibrium
should scale independently, an unrelaxed system has a scale-
dependent center of mass (Mohr et al. 1993). Therefore, by
taking advantage of w, the relaxation status of a cluster could
be determined. Centroid shift can be calculated based on the

following relation (Böhringer et al. 2010):
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In the above equation, Δi is the offset between the X-ray peak
and the centroid position within the ith aperture, N is the
number of apertures, and Rmax is the radius of the largest
aperture. X-ray peak is selected to be the position of the
brightest pixel, and centroids are specified from the moments of
the exposure-corrected X-ray images. Nine apertures are
chosen in the range of 0.1R500 to 0.5R500 with a 0.05R500 step
size.

4. Results

4.1. Relation between αz,0 and Different Relaxation Proxies

To compare different relaxation probes, introduced in
Section 3, and investigate their pros and cons, we follow two
steps. First, we fit a power law to the pairs of introduced
proxies and αz,0 (for z=1, 0.5), which provides us fitting
parameters. Second, by evaluating Spearman’s rank correlation
coefficient, we quantify the degree of correlation between each
pair. In the following subsections, we study the correlation
between different relaxation probes and αz,0 in more detail.

4.1.1. Correlation between αz,0 and Photometric Probes

In Figure 1, we show the photometric indicators versus αz,0.
The x-axis of all left panels is based on α1,0; however, the right
panels’ x-axes are based on α0.5,0. Both the best-fit line with
3σconfidence interval and the median of ΔM12, Doffset, and B
are demonstrated in each panel (from bottom to top). We have
taken advantage of the bootstrap method with 10,000 random
samplings with replacements to calculate these confidence
intervals. Additionally, not only do all plots comprise scattered
data, but also they involve the first (0.25) and third (0.75)
quartiles (Q1 and Q3), shown by the shaded regions.
In the bottom panel, we show the correlations betweenΔM12

and αz,0, which we have quantified by means of the Spearman’s
correlation coefficient. Through the relation with α1,0, the
correlation is positive with rs=0.35+0.08

−0.09 and α=0.71+0.21
−0.22,

in which rs refers to Spearman’s correlation coefficient and α is
the slope of the best-fit line. Following a similar approach for
α0.5,0, we end up getting rs=0.36+0.08

−0.09. Comparing the
Pearson’s coefficient of the ΔM12−α0.5,0 and ΔM12−α1,0

relations, we observe no significant difference between the
Pearson’s correlation coefficient of fast and slow growth;
however, their slope and intercept differ slightly.
A test was run to investigate the range of growth histories

that correspond to ΔM12. As can be seen from the bottom left
panel, the values of ΔM12 at α1,0=0.3 and α1,0=0.5 are
ΔM12=0.83 and ΔM12=1.2, respectively. We consider
those halos with ΔM12<0.83 as unrelaxed and those with
ΔM12>1.2 as relaxed. We find that 47% of relaxed halos are
early formed (α1,0>0.5) and 13% are late formed
(α1,0<0.3). On the other hand, 17% of unrelaxed halos are
early formed and 33% are late formed. In light of this, there is a
correlation between αz,0 and Δm12 from which, in particular, a
large number of of early-formed and late-formed halos could be
correctly labeled as relaxed and unrelaxed, respectively.
Moving on the second photometric proxy, we show a

distribution of Doffset versus αz,0 in the middle panel of
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Figure 1. By studying the correlation between α1,0 and Doffset,
we find that the two quantities are anticorrelated with
rs=−0.35+0.09

−0.08 and α=−0.89+0.25
−0.26. Applying the same

approach for α0.5,0 brings about rs=−0.35+0.09
−0.08. After

comparing the Pearson’s coefficient of the Doffset−α0.5,0 and
Doffset−α1,0 relations, we report no significant difference
between the correlation coefficient of fast and slow growth,
while their slope and intercept differ slightly.

Similar to the above investigation for luminosity gap, here
we investigate the range of growth histories that correspond to
Doffset. As can be seen in the middle left panel of Figure 1, the
values of Doffset at α1,0=0.3 and α1,0=0.5 are
Doffset=2.17 kpc and Doffset=1.97 kpc, respectively. We
consider those halos with Doffset>2.17 kpc as unrelaxed and
those with Doffset<1.97 kpc as relaxed. As a result, we see
that 48% of relaxed halos have early formed and 11% are late
formed. On the other hand, 22% of unrelaxed halos are early
formed and 31% are late formed. In summary, there is an
anticorrelation between αz,0 and Doffset from which a large
number of early-formed and late-formed halos could be
correctly labeled as relaxed and unrelaxed, respectively.

Finally, in the top panels of Figure 1, after calculating the
bivariant correlation for the underlying groups, we plot it as a

function of αz,0. We recognize that the correlation between B
and αz,0 is significantly stronger than when we use the
luminosity gap or decentering separately. The value of the
Spearman’s correlation coefficient, rs, for the B−α1, 0 relation
is 0.47+0.08

−0.07, and for B−α0.5,0 turns out to be 0.47+0.08
−0.08. In

addition, the best values for C, D, and E are found to be
0.04,−0.11, and 0.28, respectively.
Same as the previous test, here we measure the range of

growth histories that correspond to B. As can be seen from the
top left panel of Figure 1, the values of B at α1,0=0.3 and
α1,0=0.5 are B=0.41 and B=0.45, respectively. We
consider those halos with B<0.41 as unrelaxed and those
with B>0.45 as relaxed. Therefore, we find that 54% of
relaxed halos are early formed and 10% are late formed. Also,
16% of unrelaxed halos are early formed and 36% are late
formed. As a result, a large number of early-formed and late-
formed halos could be correctly labeled as relaxed and
unrelaxed, respectively.
In summary, we show that the bivariant correlation, which is

estimated by a combination of photometric indicators, is better
than the luminosity gap or decentering with a factor of 1.3. In
addition, our analysis and results are independent of the
dynamical age definition (α1,0 or α0.5,0) as reported in Tables 1
and 2.

4.1.2. Correlation between αz,0 and Spectroscopic Probes

In Figure 2, we show the distribution of spectroscopic
indicators as a function of αz,0. Similar to Figure 1, the x-axis
of all left panels are α1,0 and the right panels’ x-axes are α0.5,0.
The solid straight line is the best-fit line with a 3σ confidence
interval, and the blue curves are the median of A2 andDV̄ . All
panels comprise both scattered data and also the first (0.25) and
third (0.75) quartiles (Q1 and Q3), shown in the shaded regions.
In the top panels of Figure 2, we show the distribution of A2

versus αz,0 using our own mock catalog explained in

Figure 1. Correlation between photometric indicators (ΔM12, Doffset, B) and
the halo mass ratio at different redshifts (α1,0, α0.5,0). The Spearman’s
correlation coefficient rs and slope are reported in each panel. Two vertical
lines indicate the dynamically relaxed (α1,0>0.5) and unrelaxed groups
(α1,0<0.3) (Raouf et al. 2014). The area between dashed lines is showing a
3σ confidence interval of our fits. The first and third quartiles (Q1 and Q3) are
illustrated in the shaded regions.

Table 1
Correlation between log(α1,0) and Different Relaxation Proxies

Proxy Slope Intercept rs p-value

Alog 2( ) −0.30+0.21
−0.24 −0.43+0.05

−0.06 −0.12+0.10
−0.09 0.01

DVlog( ¯ ) −0.41+0.08
−0.09 2.3+0.02

−0.02 −0.43+0.08
−0.07 0.0

log (Doffset) −0.89+0.25
−0.26 1.7+0.07

−0.07 −0.35+0.09
−0.08 0.0

log(B ) 0.165+0.04
−0.04 −0.3+0.02

−0.01 0.47+0.08
−0.07 0.0

log(Δm12) 0.71+0.21
−0.22 0.28+0.06

−0.06 0.35+0.08
−0.09 0.0

Note A2 and DV̄ are spectroscopic indicators, while Doffset, B, and Δm12 are
photometric indicators. 3σconfidence intervals are calculated by the bootstrap
method.

Table 2
Correlation between alog 0.5,0( ) and Different Relaxation Proxies

Proxy Slope Intercept rs p-value

log(A2) −0.34+0.26
−0.31 −0.43+0.05

−0.06 −0.10+0.09
−0.09 0.02

DVlog( ¯ ) −0.50+0.10
−0.12 2.3+0.02

−0.02 −0.42+0.08
−0.08 0.0

log (Doffset) −1.1+0.29
−0.33 1.85+0.05

−0.05 −0.35+0.09
−0.08 0.0

log(B ) 0.20+0.04
−0.05 −0.33+0.01

−0.01 0.47+0.08
−0.08 0.0

log(Δm12) 0.95+0.31
−0.28 0.25+0.04

−0.04 0.36+0.08
−0.09 0.0

Note. A2 and DV̄ are spectroscopic indicators, while Doffset, B, and Δm12 are
photometric indicators. 3σconfidence intervals are calculated by the bootstrap
method.
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toxicokinetics approach to assess the bioavailability of copper,
chromium, and arsenic to earthworms (Eisenia andrei) in
CCA-contaminated field soils. All three metals were available
at the site, but the uptake and elimination patterns inE. andrei
of Cr, Cu, and As were quite different. Uptake and elimination
for the essential metals Cr and Cu were very fast with equilib-
rium being reached within 1 day, probably due to active reg-
ulation of the body concentrations by the earthworms. For As,
uptake and elimination kinetics were very slow leading to
relatively high bioaccumulation factors (BAF), suggesting po-
tential risk of metal biomagnification in the food chain. When
assessing the ecological risk of CCA-contaminated soils in
Hartola, Finland, focus should especially be on the high bio-
availability of As, and consider its possible transfer in the food
chain. Further research is needed to study the consequences of
exposure to multiple metals at this site.

Acknowledgments Open access funding provided by University of
Helsinki including Helsinki University Central Hospital. We thank
Rudo Verweij, Vrije Universiteit, Amsterdam, for technical assistance
and Virve Haili, University of Helsinki, Lahti, for her assistance during
the experiments.

Funding information The Onni and Hilja Tuovinen Foundation, Maj and
Thor Nessling foundation, the Lahti fund of University of Helsinki, and
Lahti Region Development LADEC Ltd. have funded this project.

Open Access This article is distributed under the terms of the Creative
Commons Att r ibut ion 4.0 Internat ional L icense (ht tp: / /
creativecommons.org/licenses/by/4.0/), which permits unrestricted use,
distribution, and reproductionin any medium, provided you give
appropriate credit to the original author(s) and the source, provide a link
to the Creative Commons license, and indicate if changes were made.

References

Allen HE, McGrath SP, McLaughlin MJ, Peijnenburg WJGM, SauvØ S,
Lee C (2002) Bioavailability of metals in terrestrial ecosystems:
importance of partitioning for bioavailability to invertebrates, mi-
crobes, and plants (Metals and the Environmental Series). Society
of Environmental Toxicology and Chemistry (SETAC), Pensacola

Atkins G (1969) Multicompartment models for biological systems.
Methuen Co. Ltd., London, UK

Balasoiu CF, Zagury GJ, DeschŒnes L (2001) Partitioning and speciation
of chromium, copper, and arsenic in CCA-contaminated soils: influ-
ence of soil composition. Sci Total Environ 280:239� 255

Cajander A (1949) Forest types and their significance. Acta For Fenn 56:
1� 71

Codd R, Dillon CT, Levina A, Lay PA (2001) Studies on the genotoxicity
of chromium: from the test tube to the cell. Coord Chem Rev 216�
217:537� 582

Degryse F, Smolders E, Parker DR (2009) Partitioning of metals (Cd, Co,
Cu, Ni, Pb, Zn) in soils: concepts, methodologies, prediction and
applications� a review. Eur J Soil Sci 60:590� 612

Finnish Government decree 214/2007, (2007),http://www.finlex.fi/fi/
laki/smur/2007/20070214#annettu-saadosten-nojalla, Accessed 19
November2015

Fisher E, Koszorus L (1992) Sublethal effects, accumulation capacities
and elimination rates of As, Hg and Se in the manure worm,Eisenia
fetida(Oligochaeta, Lumbricidae). Pedobiologia 16:172� 178

Fisker K, Givskov Słrensen J, Damgaard C, Ladegaard K, Holmstrup M
(2011) Genetic adaptation of earthworms to copper pollution: is
adaptation associated with fitness costs inDendrobaena octaedra?
Ecotoxicology 20:563� 573

Fisker K, Holmstrup M, Givskov Słrensen J (2013) Variation in metal-
lothionein gene expression is associated with adaptation to copper in
the earthwormDendrobaena octaedra. Comp Biochem Physiol
157:220� 226

GonzÆlez-Alcaraz MN, van Gestel CAM (2016) Metal/metalloid (As, Cd
and Zn) bioaccumulation in the earthwormEisenia andreiunder
different scenarios of climate change. Environ Pollut 215:178� 186

Gupta SK, Vollmer MK, Krebs R (1996) The importance of mobile,
mobilisable and pseudo total heavy metal fractions in soil for
three-level risk assessment and risk management. The Science of
the Total Environment 178:11� 20

Hagner M, Romantschuk M, Penttinen O-P, Egfors A, Marchandd C,
Augustssond A (2017) Assessing toxicity of metal contaminated soil
from glassworks sites with a battery of biotests. Sci Total Environ
613� 614:30� 38

Hingston JA, Collins CD, Murphy RJ, Lester JN (2001) Leaching of
chromated copper arsenate wood preservatives: a review. Environ
Pollut 111:53� 66

ISO (1999) Soil quality inhibitionof reproduction of Collembola
(Folsomia candida). Geneva (CH): International Organization for
Standardization. ISO guideline 11267

Karjalainen A-M, Kilpi-Koski J, Väisänen AO, Penttinen S, van Gestel
CAM, Penttinen O-P (2009) Ecological risks of an old wood im-
pregnation mill: application of triad approach. Integr Environ Assess
Manag 5:379� 389

Katz SA, Salem H (2005) Chemistry and toxicology of building timbers
pressure-treated with chromated copper arsenate: a review. J Appl
Toxicol 25:1� 7

Kennette D, Hendershot W, Tomlin A, SauvØ S (2002) Uptake of trace
metals by the earthwormLumbricus terrestris, L. in urban contam-
inated soils. Appl Soil Ecol 19:191� 198

Khaodhiar S, Azizian MF, Osathaphan K, Nelson PO (2000) Copper,
chromium,and arsenic adsorption and equilibrium modeling an
iron-oxide-coated sand, background electrolyte system. Water Air
Soil Pollut 119:105� 120

Konert M, Vandenberghe J (1997) Comparison of laser grain size analysis
with pipette and sieve analysis: a solution for the underestimation of
the clay fraction. Sedimentology 44:523� 535

Kumpiene J, Lagerkvist A, Maurice C (2008) Stabilization of As, Cr, Cu,
Pb and Zn in soil using amendments� a review. Waste Manag 28:
215� 225

Langdon CJ, Piearce TG, Black S, Semple KT (1999) Resistance to
arsenic-toxicity in a population of the earthwormLumbricus
rubellus. Soil Biol Biochem 31:1963� 1967

Langdon CJ, Piearce TG, Meharg AA, Semple KT (2001) Resistance to
copper toxicity in populations of the earthwormsLumbricus
rubellusandDendrodrilus rubidusfrom contaminated mine wastes.
Environ Toxicol Chem 20:2336� 2341

Langdon CJ, Piearce TG, Feldmann J, Semple KT, Meharg AA (2003a)
Arsenic speciation in the earthwormsLumbricus rubellusand
Dendrodrilus rubidus. Environ Toxicol Chem 22:1302� 1308

Langdon CJ, Piearce TG, Meharg AA, Semple KT (2003b) Interactions
between earthworms and arsenic in the soil environment: a review.
Environ Pollut 124:361� 373

Langdon CJ, Winters C, Sturzenbaum SR, Morgan AJ, Charnock JM,
Meharg AA, Pierce TG, Lee PH, Semple KT (2005) Ligand arsenic
complexation and immunoperoxidase detection of metallothionein
in the earthwormLumbricus rubellusinhabiting arsenic-rich soil.
Environ Sci Technol 39:2042� 2048

Environ Sci Pollut Res (2019) 26:15095� 15104 15103

http://www.finlex.fi/fi/laki/smur/2007/20070214#annettu-saadosten-nojalla
http://www.finlex.fi/fi/laki/smur/2007/20070214#annettu-saadosten-nojalla


Lebow S (1996) Leaching of wood preservative components and their mo-
bility in the environment: summary of pertinent literature, General tech-
nical report: FPL� GTR� 93. U.S. Department of Agriculture, Forest
Service, Forest Products Laboratory, Madison, p 36

Leduc F, Whalen JK, Sunahara GI (2008) Growth and reproduction of the
earthwormEisenia fetidaafter exposure to leachate from wood pre-
servatives. Ecotoxicol Environ Saf 69:219� 226

Lee B-T, Kim K-W (2013) Toxicokinetics and biotransformation of As
(III) and As (V) inEisenia fetida. Hum Ecol Risk Assess 19:792� 806

Lin ZX, Puls RW (2000) Adsorption, desorption and oxidation of arsenic
affected by clay minerals and aging process. Environ Geol 39:753� 759

Lukkari T, Taavitsainen M, Väisänen A, Haimi J (2004) Effects of heavy
metals on earthworms along contamination gradients in organic rich
soils. Ecotoxicol Environ Saf 59:340� 348

Maiz I, Arambarri I, Garcia R, MillÆn E (2000) Evaluation of heavy metal
availability in polluted soils by two sequential extraction procedures
using factor analysis. Environmental Pollution 110:3� 9

Mariæo F, Stürzenbaum SR, Kille P, Morgan AJ (1998) Cu� Cd interac-
tions in earthworms maintained in laboratory microcosms: the ex-
amination of a putative copper paradox. Comp Biochem Physiol
120:217� 223

Marinussen MPJC, van der Zee SEATM, de Haan FAM (1997) Effect of
Cd or Pb addition to Cu-contaminated soil on tissue Cu accumula-
tion in the earthworm,Dendrobaena veneta. Ecotoxicol Environ Saf
38:309� 315

Masscheleyn PH, Delaune RD, Patrick WH Jr (1991) Effect of redox
potential and pH on arsenic speciation and solubility in a contami-
nated soil. Environ Sci Technol 25:1414� 1419

Meharg AA, Shore RF, Broadgate K (1998) Edaphic factors affecting the
toxicity and accumulation of arsenate in the earthwormLumbricus
terrestris. Environ Toxicol Chem 17:1124� 1131

Morgan AJ, Winters C, Yarwood A (1994) Speed mapping of arsenic
distribution in the tissues of earthworms inhabiting arsenious soil.
Cell Biol Int 18:911� 914

Nahmani J, Hodson ME, Devin S, Vijver MG (2009) Uptake kinetics of
metals by the earthwormEisenia fetidaexposed to field-
contaminated soils. Environ Pollut 157:2622� 2628

OECD (1984) Guidelines for the testing of chemicals No. 207,
Earthworm acute toxicity tests. Organisation for Economic Co-
operation and Development, Paris

OECD (2010) Guidelines for the testing of chemicals No. 317�
bioaccumulation in terrestrialoligochaetes. Organisation for
Economic Co-operation and Development, Paris

Peijnenburg WJGM, Jager T (2003) Monitoring approaches to assess
bioaccessibility and bioavailability of metals: matrix issues.
Ecotoxicol Environ Saf 56:63� 77

Peijnenburg WJGM, Posthuma LHJP, Eijsackers H-JP, Allen HE (1997)
A conceptual framework for implementation of bioavailability of
metals for environmental management purposes. Ecotoxicol
Environ Saf 37:163� 172

Peijnenburg WJGM, Baerselman R, de Groot AC, Jager T, Posthuma L,
Van Veen RPM (1999) Relating environmental availability to bio-
availability: soil-type-dependent metal accumulation in the
OligochaeteEisenia andrei. Ecotoxicol Environ Saf 44:294� 310

Pyy O, Haavisto T, Niskala K, Silvola M (2013) Contaminated sites in
Finland� review 2013 (in Finnish). Finnish Environment Institute
Reports 27/2013. The Finnish Environment Institute, Helsinki

Richardson BA (1993) Wood preservation. E&F Spon
Sharma V, Sharma R, Satyanarayan S (2011) Biokinetic modeling of

heavy metals in earthworms. Toxicol Environ Chem 93:474� 486

Shi X, Dong Z, Huang C, Ma W, Liu K, Ye J, Chen F, Leonard SS, Ding
M, Castranova V, Valyathan V (1999) The role of hydroxyl radical
as a messenger in the activation of nuclear transcription factor NF-
kB. Mol Cell Biochem 194:63� 70

Shrivastava R, Upreti RK, Seth PK, Chaturvedi UC (2002) Effects of
chromium on the immune system. FEMS Immunology and
Medical Microbiology 34:1� 7

Sivakumar S, Subbhuraam CV (2005) Toxicity of chromium(III) and
chromium(VI) to the earthwormEisenia fetida. Ecotoxicol
Environ Saf 62:93� 98

Smit C, van Beelen P, van Gestel CAM (1997) Development of zinc
bioavailability and toxicity for springtailFolsomia candidain an
experimentally contaminated field plot. Environ Pollut 98:73� 80

Speir TW, Kettles HA, Parshotam A, Searle PL, Vlaar LNC (1995) A
simple kinetic approach to derive the ecological dose value, ED50,
for the assessment of Cr(V1) toxicity to soil biological properties.
Soil Biol Biochem 27:801� 810

Spurgeon DJ, Hopkin SP (1995) Extrapolation of the laboratory based OECD
earthworm test to metal-contaminated field sites. Ecotoxicology 4:190� 205

Spurgeon DJ, Hopkin SP (1999) Comparisons of metal accumulation and
excretion kinetics in earthworms (Eisenia fetida) exposed to con-
taminated field and laboratory soils. Appl Soil Ecol 11:227� 243

Spurgeon DJ, Lister L, Kille P, Pereira GM, Wright J, Svendsen C (2011)
Toxicokinetic studies reveal variability in earthworm pollutant han-
dling. Pedobiologia 54S:S217� S222

Stilwell DE, Gorny KD (1997) Contamination of soil with copper, chro-
mium, and arsenic under decks built from pressure treated wood.
Bull Environ Contam Toxicology 58:22� 29

Väisänen A, Suontamo R, Silvonen J, Rintala J (2002) Ultrasound-assisted
extraction in the determination of arsenic, cadmium, lead and silver in
the contaminated soil samples by inductively coupled plasma atomic
emission spectrometry. Anal Bioanal Chem 373:93� 97

van Gestel CAM, Hensbergen PJ (1997) Interaction of Cd and Zn toxicity
for Folsomia candidaWillem (Collembola: Isotomidae) in relation
to bioavailability in soil. Environ Toxicol Chem 16:1177� 1186

van Gestel CAM, Dirven-Van Breemen EM, Baerselman R (1993)
Accumulation and elimination of cadmium, chromium and zinc
and effects on growth and reproduction inEisenia andrei
(Oligochaeta, Annelida). Sci Total Environ 134(Supplement 1):
585� 597

van Liedekerke M, Prokop G, Rabl-Berger S, Kibblewhite M, Louwagie
G (2014) Report EUR 26376 EN. Progress in the management of the
contaminated sites in Europe, European Commission: Joint
Research Centre Institute for Environment and Sustainability,
Publications Office of the European Union.https://ec.europa.eu/
jrc/en/publication/reference-reports/progress-management-
contaminated-sites-europe

Viitasaari S (Ed.) (1991) Kyllästämöiden ympäristö ja työturvallisuus.
Vesi- ja ympäristöhallituksen julkaisuja, sarja B 11. in Finnish

Vijver M, Vink JPM, Miermans CJH, van Gestel CAM (2003) Oral
sealing using glue; a new method to distinguish between intestinal
and dermal uptake of metals in earthworms. Soil Biol Biochem 35:
125� 132

Publisher’s note Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.

15104 Environ Sci Pollut Res (2019) 26:15095� 15104

https://ec.europa.eu/jrc/en/publication/reference-reports/progress-management-contaminated-sites-europe
https://ec.europa.eu/jrc/en/publication/reference-reports/progress-management-contaminated-sites-europe
https://ec.europa.eu/jrc/en/publication/reference-reports/progress-management-contaminated-sites-europe

