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Human activities have caused several changes in biotic communities all over the world. Some species maintain viable

populations in altered environments through different adaptations, however, knowledge in this regard is scarce for certain
taxa, including reptiles. We analysed the detectability and habitat selection of the rattlesnake Crotalus triseriatus to contribute
to our knowledge about how this species responds to anthropogenic landscape change. Rattlesnakes were monitored for

two years in two anthropized landscapes using visual encounter surveys. We analysed detectability in relation to climatic
factors and human activity, and habitat selection was analysed in native and non-native vegetation. Our study shows that
detectability of C. triseriatus is differentially affected in anthropized landscapes; human activity may be determinant in
landscapes such as agricultural fields, whilst climatic factors may be determinant in landscapes where people are less active
such as the protected areas within urban parks. The analyses of habitat selection shows that native vegetation is crucial for
the persistence of C. triseriatus in the studied landscapes. Several strategies may allow rattlesnakes to persist in different
anthropized landscapes; nonetheless, native habitat remnants should be protected in anthropized areas to conserve wildlife.
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INTRODUCTION

In urban areas, human activities have changed the
structure and composition of biotic communities and
natural ecosystem processes (McDonnell & Hahs, 2015).
Some species maintain viable populations in these areas
due to their adaptive capacity (McDonnell & Hahs, 2015;
Pattishall & Cundall, 2009; Wong & Candolin, 2015). The
effect of anthropization on wildlife behaviour has been
documented mainly in mammals and birds (Gloor et
al., 2001; Marzluff & Ewing, 2001; Prange et al., 2003),
whilst relatively few studies have focused on reptiles
(Mitchell et al., 2008). Knowledge is particularly scarce
in snakes due to their relatively low density and secretive
behaviour (Sullivan et al., 2017).

Behavioural adaptations stand out among the
different strategies (i.e. evolved responses and proximate
responses) that favour the persistence of reptiles in
modified environments (e.g. activity pattern, habitat
selection, and diet; Lépez-Alcaide & Macip-Rios, 2011).
Such strategies have been directly related to survival and
reproduction (Beaupre, 1995; Manjarrez, 2017; Torello-
Viera et al., 2012). Otherwise, some abiotic factors such
as temperatures and rainfall play a key role in snake

detectability, activity patterns and habitat selection
(Lillywhite, 1987; Moreno-Rueda & Pleguezuelos, 2007).
For example, in temperate zones, snakes overwinter
when temperature decrease (Gregory, 1982), and in
many ecosystems, an increase in rainfall is related to
higher seasonal detectability due to the increased
availability of prey (Torello-Viera et al., 2012). Moreover,
some snakes show high plasticity in the habitat use that
could be determined by factors such as the intensity
of human activities, the availability of prey, presence
of optimal thermoregulation sites (Huey et al., 1989;
Madsen & Shine, 1996), and/or adequate shelter (Brown
et al.,, 1982).

The western dusky rattlesnake, Crotalus triseriatus,
is endemic to Central Mexico along the Volcanic Belt
(Bryson et al., 2014; Flores-Villela & Hernandez-Garcia,
1989). Its elevational distribution is from 2,500 to 4,572
m above mean sea level (m/a.s.l.) (Campbell & Lamar,
2004; Fernandez-Badillo et al., 2011; Heimes, 2016). This
species has a daytime activity pattern and is mainly found
in pine-oak forests, grasslands, and agricultural areas
such as cattle pasture (Canseco-Marquez & Mendoza-
Quijano, 2007; Fernandez-Badillo et al., 2011). It is a
common predator of temperate environments in central
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Mexico where it may be considered a top predator in
anthropogenic areas. Like other snakes, it is affected
by aversive hunting, native habitat loss, fragmentation,
and climate change (Campbell & Lamar, 2004; Filippi &
Luiselli, 2000; Gentilli, 2004; Plummer, 2002).
Ecological studies of C. triseriatus are scarce
(Dominguez-Guerrero et al., 2016; Gliizado-Rodriguez
et al., 2016; Mocifio-Deloya et al., 2014), but it has
been suggested that the vulnerability of C. triseriatus
populations when faced with fragmentation and
habitat urbanisation may result in a decrease of gene
flow and increased extinction risk (Sunny et al., 2015).
It is, therefore, necessary to collect information on the
behaviour and habitat preference of C. triseriatus to
inform conservation efforts. The objective of this study
was to analyse the detectability and habitat selection
of C. triseriatus to identify the factors that allow its
occurrence in anthropized areas of central Mexico.

METHODS

Study area

This study was conducted in the Toluca Valley, a highly
anthropized area considered the fifth largest metropolis
in Mexico, with 2.3 million inhabitants (COESPO, 2020).
The region has a humid temperate climate with an annual
rainfall of 500 — 600 mm, 85 % is concentrated in the
summer months (June to September). Average annual
temperature ranges between 12 and 15 °C (Garcia, 2004;
INEGI, 2011). Toluca has experienced rapid population
growth with the consequent settlement of unplanned
housing and increased demand for agricultural areas.
Human activities have drastically changed the distribution
of native vegetation cover, generating several landscapes
around the urban core. As in many cities, the most
common anthropized landscapes in the urban area of
Toluca include relicts of native vegetation, agricultural
areas, reforested areas with exotic vegetation, and urban
infrastructure.

Our study was conducted at two different landscapes
in the urban area of Toluca separated by a straight-
line distance of 10.5 km. We selected the study sites
considering that both sites presented previous records
of the rattlesnake, both include elements of the native
habitat of Crotalus triseriatus and the non-native
elements of the most common landscapes around the
Urban area of Toluca (i.e. agricultural areas, reforested
areas with exotic vegetation). Anthropization at these
sites has been determined by different activities, thus
leading to landscapes with noticeable differences in
structure, composition, and management.

Site one, “El Cerrillo” (CE), is an academic area
managed by the Autonomous University of the State of
Mexico. This area covers approximately 123 hectares
and is located 5.1 km north of the urban area of Toluca
City (19°24'27'" N, 99°41'40" W). This site may be
considered a typical agricultural landscape (i.e. most
of the area is covered by crops) and has been under
this use since 1975 (45 years). CE also includes two
artificial water bodies, one of them is a small protected
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area of flora and fauna. The native vegetation consists
of grassland (Muhlenbergia sp. and Festuca sp.) and
aquatic vegetation (Scirpus sp. and Typha latifolia). The
non-native vegetation consists of crop fields and some
trees (Salix babylonica). Site two, “Sierra Morelos Park”
(SMP), is an urban state park of 1,255 hectares managed
by the state commission of natural parks and fauna
(CEPANAF) since 1976 (44 years); it is immersed in the
urban area of Toluca City (19°18'39" N 99°41'33" W; 2,630
m). SMP vegetation is mainly represented by grasslands
(Muhlenbergia sp. and Festuca sp.), and temperate forest
vegetation (Pinus spp.); it also includes a substantial cover
of non-native vegetation, mainly exotic species (buds,
Buddleja cordata; cedar, Cupresus lindleyi; eucalyptus,
Eucalyptus camaldulensis and E. globulus). To eliminate
the effect of the size differences between CE and SMP,
the sampling area was approximately 20 hectares in both
places (Fig. 1).

Detectability

To determine the detectability of C. triseriatus, we
performed monthly visits to each study site during 2012
and 2013 (24 visitstoeachone)andcapturedindividuals of
C. triseriatus. At each visit, five observers simultaneously
walked five linear transects from 0900 to 1300 hours
using the visual encounter survey (VES) technique
(Foster, 2012). Each transect was approximately 800
m long and separated by 200 to 300 m. Transects may
change between visits, but they were always restricted to
the 20 hectare area defined for each site, our aim in this
regard was to cover all types of vegetation in a similar
proportion to their presence. The snakes were manually
captured, their snout-to-vent length (SVL) measured,
and a ventral scale was cut to identify individuals (Brown
& Parker, 1976). Snakes were released in the same
place from where they were captured. Additionally, we
compared SVL between CE and SMP to test if body size
varied between the two sites.

Detectability was determined by counting the
number of adult C. triseriatus captured during each
visit per study site. We recorded data only for adult
individuals (SVL =2 500 mm) as immature snakes may have
led to bias due to the recruitment process (Parpinelli &
Marques, 2008; Torello-Viera et al., 2012); as we aim
to analyse detectability, we also considered recaptured
individuals in this analysis (one individual). We analysed
detectability of C. triseriatus (response variable) in
relation to abiotic (total precipitation, maximum and
minimum temperature), and biotic factors (human
activity) using general linear models (GLMs) in R version
3.6.3 (R Core Team 2020). For the abiotic factors, we
obtained monthly climate data of the climatic variables
from the National Meteorological Service database
(CLICOM, 2015) for the nearest weather station to CE (<
20 km; weather station “Toluca-Ixtlahuaca”, 19°33'58"
N, 99°46°48" W, 2,540 m), and SMP (< 3 km “Toluca-
Zinacantepec”, 19°17'29" N, 99°42'52" W; 2,726 m).
We also considered the human activity as an important
factor to explain snake detectability; for this variable,
we characterised both sites based on human presence
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Figure 1. Distribution of the study sites in the urban area of Toluca City, Mexico.

through the year using direct observations at both sites.
We codified human activity as absent (0), low human
activity (1), and high human activity (2).

Detectability of C. triseriatus (number of snakes
captured) was assumed to have a Poisson probability
distribution and given that our data presented zero
values, we used Zero-Inflated Poisson model as a solution
for possible bias in the estimated parameters (Zuur et al.,
2009), using the “pscl” package (Jackman, 2020). Multiple
models were developed using plausible combinations of
explanatory variables; small sample Akaike’s information
criterion (AICc) was used to select the “best” models of
detectability of C. triseriatus in relation to explanatory
variables, using the "AlCcmodavg” package (Burnham
& Anderson, 2002; Mazerolle, 2019). Finally, Chi-
square tests were conducted to evaluate whether GLM
explanatory variables explained a significant component
of the total deviance (Guisan et al., 2002).

Habitat selection

We used satellite imagery (Google Earth) and ArcGIS 10.2
to digitise land cover in both study sites (approximately
20 hectares at each site), and calculated the area
represented by native habitat and non-native habitat
for each site. Native and non-native habitat cover is
noticeably different between our study sites. At CE
non-native vegetation represents 87.3 % of the area
including crops and exotic trees (S. babilonica). Crops
are concentrated in four big patches separated by a
road bordered with introduced trees. Native vegetation
covers 12.7 % of the area and is restricted in two small
patches separated by the crops. At SMP native vegetation
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represents 58.4 % of the area and is concentrated in a big
patch of grassland and another one of forest, both are
separated by a road. Non-native vegetation is dispersed
in several small patches of exotic trees mostly next to the
road.

We used the index of selectivity (E ) according to Krebs
(1999): E,= (r,—n) / (r,+ n), where r, is the percentage
of snakes in habitat j; n, is the percentage of habitat
available at a study site. This index produces values from
—1 (habitat avoidance) to + 1 (habitat preference); values
close to zero indicate habitat is being used according to
its availability in the environment. The index data were
resampled using bootstrap (10,000 replicates with
replacement) and 95 % confidence intervals (Cl) were
estimated with R (v. 3.1.3; Glen et al., 2012).

RESULTS

During the monthly visits at each study site (CE and
SMP), we sampled 192 km of transects and captured 61
different adult C. triseriatus; 23 (37.7 %) were from CE,
and 38 (62.3 %) from SMP. Snakes from CE were slightly
larger (605.6 + 75.5 mm, SVL) than SMP (589.7 + 80.4
mm). Considering that measurements of the snakes from
CE did not show a normal distribution (Shapiro-Wilk test;
W=0.98 P=0.95) and that those from SMP were normally
distributed (W=0.91, P=0.007), we use a hon-parametric
Mann-Whitney U test (Zar, 1999) and we detected no
significant difference in body size between the two sites
(U=542.5, P=0.11).
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Detectability

We captured rattlesnakes in all months except February
and March at the Toluca valley. Most of the records
(61 %), were gathered during the rainy season (June to
September). At SMP, 68 % of the snakes were recorded
during the rainy season, whilst 48 % were recorded in the
same season at CE. Concerning detectability, at CE, we
observed two peaks; August (summer) and November
(autumn), both months with six snakes captured (Fig.
2A). In contrast, at SMP, snakes presented only one
detectability peak in September (11 snakes captured, Fig.
2B). Most snakes were captured from 1000-1100 hours
in both sites (CE, 56.5 %; SMP, 52.6 %) regardless of the
month.
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Figure 2. Monthly number of captured rattlesnakes, C.
triseriatus (bars), monthly precipitation average and tem-
perature (maximum and minimum) at: (A) El Cerrillo (CE;
high anthropization; n = 23 snakes), and (B) Sierra More-
los Park (SMP; low anthropization; n = 38 snakes).

At CE, we observed two peaks of human activity, the
first one from February to May, is related to soil preparing
before sowing; the second one in September coincides
with the harvest period. The rest of the year, the human
presence was considered absent. Human activity at SMP
is heterogeneous; there is an area where people use to
practice sports and recreational activities through the
year; at the other portion of the park, human activity
is non-allowed because it is considered a conservation
reserve for native fauna. Thus, activity was considered
very low and homogeneous through the year in the area
where we sampled, and we assumed that this factor does
not affect (or is too low), the detectability of rattlesnakes.
According to the evaluation of GLMs, and based on AIC_
values, we found that simple single variable models
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better explain the detectability of snakes at both sites.
At CE human activity explained better the detectability
of rattlesnakes (Table 1; AIC_= 58.35), in this case, the
detectability of C. triseriatus decreases when human
activity increased (slope estimate=-2.75+1.03; Table 2).
This model was significant according to the Chi-square
test (sum-of-squares method, type II; X2=7.06, df=1,
P=0.007). At SMP, based on AIC_ values, minimum
temperature variable explained better the C. triseriatus
detectability (Table 1; AIC_=58.35), this simple GLM
model indicates that as the minimum temperature
increased, the detectability of the snake also increases
(slope estimate=0.30+0.07; Table 2) and this model
was also significant (sum-of-squares method, type II;
X?=17.40, df=1, P=<0.001).

Table 1. AIC_selection of different zero-inflated Poisson
general linear models (GLMs) of C. triseriatus detectability
in two sites with different levels of anthropization in
Mexico; “El Cerrillo” (CE) considered as highly anthropized
and the Sierra Morelos Park (SMP) minimally anthropized.

Models of C. triseriatus

detectability K AlC, AAIC,
El Cerrillo (CE)

H_Activ 3 58.35 0.00
H_Activ+TMin 4 60.74 2.38
H_Activ+Prec 4 60.91 2.56
H_ActivXTMax 5 60.99 2.64
H_Activ+TMax 4 61.08 2.73

Sierra Morelos Park (SMP)

TMin 3 70.11 0.00

TMax+TMin+Prec 5 71.73 1.62

TMax+TMin 4 71.90 1.80

TMin+Year 4 72.06 1.95

TMin+Prec 4 72.81 2.71

Explanatory variable codes: H_ activ, human activity; TMin,
minimum temperature; TMax, maximum temperature; Prec,
precipitation; Year, year; K, number of model parameters. The
best empirically supported model (AAIC =0) in bold.

Habitat selection

Inbothssites, C. triseriatus were observed more frequently
within the native vegetation compared to the non-native
vegetation. For example, at CE, 90 % of snakes were
found in the grassland (index of selectivity £,=0.79) and
the remaining 10 % in the crop fields (E,
3A). Similarly, at SMP, 82.7 % of snakes were found in
native (grassland) habitat (£, = 0.10) and 17.3 % in the
mixed forest (£, = -0.11, Fig. 3B). The index of selectivity
indicated that snakes selected native habitat and avoided
anthropized habitat at the CE; at SMP snakes showed a
qualitatively similar pattern, selecting native habitat and

avoiding anthropized habitat (Fig. 3).

-0.70, Fig.



Table 2. Parameter estimates from the zero-inflated Poisson
general linear models (GLM) of effect of human activity
(CE) and minimum temperature (SMP) on C. triseriatus
detectability.

Parameter types/names  Estimate SE zvalue  Pvalue
El Cerrillo (CE)

Intercept 0.61 0.26 2.34 0.019
H_ activ2 -2.75 1.03 -2.6 0.007
Sierra Morelos Park (SMP)

Intercept

TMin 0.30 0.07 -0.09 <0.001

H_ activ2, high human activity; TMin, minimum temperature;
SE, Standard error.
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Figure 3. Index of selectivity and confidence intervals
(C. 1.), of C. triseriatus, in native and anthropized habitats
at: (A) El Cerrillo (CE; high anthropization); native habitat
E,=0.79 (C. 1. 0.72 — 0.85), non-native habitat £, =-0.70
(C. 1-0.78,-0.62), and (B) Sierra Morelos Park (SMP; low
anthropization); native habitat £, = 0.1 (C. I. 0.01, 0.20),
non-native habitat £, =-0.11 (C. .-0.26, 0.02). Values close
to 1.0 indicate habitat preference, and values close to-1.0
indicate habitat avoidance.

DISCUSSION

This study shows that detectability of rattlesnakes in
differently anthropized landscapes is associated with
different factors. For instance, at CE, human activity was
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significantly related with C. triseriatus detectability (Table
1; AIC = 58.35) whilst at SMP minimum temperature
explained the C. triseriatus detectability (Table 1;
AIC =58.35). Also, at CE, the detectability of rattlesnakes
showed two peaks, one on August and another in
November, whilst at SMP, rattlesnakes presented only
one peak in September (Fig. 2). Previous studies show
that factors derived from anthropization in conjunction
with biotic and abiotic factors, influence the activity
and hence, detectability of snakes (Moore, 1978;
Moreno-Rueda & Pleguezuelos, 2007; BlouinDemers &
Weatherhead, 2002; Rocha et al., 2014; Torello-Viera
et al., 2012; Weaver, 2008; Wong & Candolin, 2015).
According to our results, these factors may be interacting
in different ways in the landscapes resulting from
anthropic activities and affecting differently the snake
populations and maybe other species populations.

Our results indicate that at CE, dynamics of
agricultural activities affect the detectability of C.
triseriatus, producing two monthly peaks. In agricultural
areas, the preparation of the soil before sowing starts in
February and runs through May, a period that coincided
with zero captures of snakes. Later, the presence of snakes
increased, coinciding with low agricultural activity during
the growth of the crop plants (June — August). Snake
captures declined again in September, this coincides
with the harvest period. Detectability of C. triseriatus
increased again with the decline in agricultural activity
after maize harvest from October through January (slope
estimate =-2.75+1.03; Table 2; Fig. 2).

At SMP we found that minimum temperature is
related with the monthly detectability pattern of C.
triseriatus (slope estimate = 0.30+0.07; Table 2). At SMP,
detectability of snakes began to increase in the months of
high temperature (April—June). Onthe other hand in the
colder months (December — March), there was a drastic
decline in snake detectability, and thus no specimens of
C. triseriatus were captured at SMP (Fig. 2B), suggesting
an inactive period or possible overwinter season at
this site, as it has been documented for Thamnophis
scalaris (Mundo-Hernandez et al., 2017). At CE, snakes’
detectability also declined in the colder months;
nonetheless, we detected some individuals. The effect
of temperature is congruent with previous reports for
the species and other rattlesnakes in temperate forests
(Heimes, 2016), and is considered a central limiting factor
in squamate reptiles in general, as it has been shown that
they are particularly dependent on the thermal quality
of the environment for thermoregulation (Gibbons
& Semlitsch, 1987; Lillywhite, 1987; BlouinDemers &
Weatherhead, 2002; Moreno-Rueda & Pleguezuelos,
2007). These results indicate that the snakes at SMP
present the same pattern of activity than other wild
populations in temperate forests. Otherwise, at CE, the
detectability suggests that snakes may be changing its
behaviour in response to human activity intensity; Zero-
Inflated Poisson GLMs confirm the above (Table 1; AlCc=
58.35).

Concerning habitat selection, C. triseriatus also
showed differences between sites. At CE, the habitat
use index shows a strong preference for native habitat
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(grassland) and a strong avoidance for anthropized
habitats. At SMP native and non-native habitats are
used almost according to their availability, we detected a
slight avoidance of non-native habitat. Grassland areas
are considered an important habitat for this species;
the intricate features of the grassland offer foraging
opportunities (Matamoros-Trejo & Cervantes, 1992;
Mocifio-Deloya et al., 2014; Rojas-Martinez et al., 2012)
and thermal protection against low temperatures, access
to solar energy for thermoregulation, and shelter from
predators or humans (Campbell & Lamar, 2004; Cortes-
Avila & Toledo, 2013; Fernandez-Badillo et al., 2011). The
strong avoidance of anthropized habitat at CE, indicates
that agricultural activities may represent a significant
negative effect on this species, this is evidenced by the
low number of presence records in this habitat even
when it represents most of the area (87.3 %). The low
availability of native habitat may inhibit movement of
snakes in the landscape (Parent & Weatherhead, 2000),
leading to a reduction in movement of individuals
between populations, and potentially promoting
inbreeding. In a genetic study carried out with C.
triseriatus at Toluca Valley, the gene flow was estimated
as moderate but with the possibility of decreasing if the
anthropization effects continues to increase (Sunny et al.,
2015). Our results also indicate that native vegetation
availability is crucial for these snake’s persistence as it
seems that this habitat may be acting as refugees in the
agricultural landscapes. This is evidenced by the great
number of presence records on this habitat even when
it represents a small portion of the area (12.7 %). Based
on this information it seems that conservation studies
and future efforts to protect rattlesnakes in anthropized
landscapes should consider native habitat management
and preservation.

At SMP, C. triseriatus used the anthropized and native
habitats according to their availability (Fig. 3). However,
snakes slightly avoided the use of anthropized habitat.
The non-native vegetation presents a high tree cover (>75
%), and the temperature under the canopy of trees may
be inadequate for thermoregulation (Lillywhite, 1987). It
has been shown that the substrate temperature, more
than air temperature, is a determining factor in habitat
selection by other species of viperids as Crotalus viridis,
C. durissus, and Bothrops jararaca (Gannon & Secoy,
1985; Gomes & Almeida-Santos, 2012). Otherwise, the
population at SMP is increasingly confined because there
are urban settlements at the periphery of the park. If the
park is not properly managed, or if the habitat is altered
such that it restricts movement of snakes into and out of
the site, problems of inbreeding could potentially occur.
Given the limited information about C. triseriatus
ecology in anthropized sites, the characterisation of
its detectability and habitat selection may be crucial
for developing effective strategies for control and
management of this species. Inthis study, it is shown that
areas with high levels of anthropization (CE) influenced
the detectability and habitat selection of C. triseriatus.
Also, in sites with lower anthropization (SMP), the
climatic variables had effects on the detectability of C.
triseriatus with a slight selection for the native habitat.
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Our study shows that C. triseriatus presents
differences in detectability and habitat selection in
anthropized landscapes. Climatic conditions and human
activity may be amongst the determinant factors
affecting these snakes, and may be other animals, that
persist around highly anthropized environments as the
urban areas. Nonetheless it is necessary to identify how
local differences in the anthropization process (e. g. crop
management, landscape structure and composition,
human density, and activity intensity) may impact in
the response of species. Another important factor to
consider is local climate, in this study we used data
from the nearest climatic stations to the study locations;
nonetheless temperature and humidity may vary at the
specific location. Such information may allow for a more
precise interpretation of the role of climatic conditions
on snake detectability. Also, the influence of intrinsic
characteristics of the individuals (e. g. sex and age),
must be considered to understand possible variations in
the effect of athropization in C. triseriatus. Finally, the
aversive hunting at both places may affect population size
and hence, detectability. We did not recorded any dead
snake at our study sites, may be due to access restriction
at CE and the conservation status of SMP; nonetheless,
we are aware that this is a common practice in the area
that need to be studied.
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