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Abstract: Physiological condition of an animal is flexible and can quickly change in relation to the quality of its environment.
This makes it potentially suitable as an estimator of environmental stress. We studied the condition in three predatory ground
beetles, Carabus nemoralis, Nebria brevicollis and Pterostichus melanarius along an urbanisation gradient (forest-suburban
area - forest fragments in urban park) in Sore, Denmark to test whether urbanisation-related stress is reflected in body condi-
tion. We also considered the interaction between condition and the true asymmetry using a local polynomial regression model.
Females showed consistently better condition than males in all studied species. The condition indices in C. nemoralis and N.
brevicollis were higher in the urban habitats than the other sites, while P. melanarius showed better condition in the suburban
forest fragments than the forest or urban habitats. A significant negative correlation was found between condition and asym-
metry for C. nemoralis and N. brevicollis in the suburban as well as urban forest fragments. This indicates a complex interaction
between tolerance limits, feeding conditions and stress levels during advancing urbanisation, emphasising the importance of
using multiple criteria for assessing its impact on biodiversity.

Abbreviations: FA — Fluctuating Asymmetry; GLM — General Linear Model.

1. Introduction

Urbanisation is one of the important human activities
transforming our environment (Pickett et al. 2001). Urban
areas are resource-enriched, spatially heterogeneous and tem-
porally dynamic, often substantially different from the origi-
nal, natural conditions of the area now occupied by the city
(Mclntyre et al. 2001). The ecological impacts of urbanisa-
tion arise from habitat alteration, the loss of certain (origi-
nal) habitat types, and the creation of novel and/or ephemeral
habitats, with consequent changes in species composition
(Gaston et al. 2005). This includes an increase in generalist or
alien species (McKinney 2001, Pickett et al. 2010), leading to
biological homogenisation (McKinney and Lockwood 1999).

Modified urban landscapes could result in increased
habitat diversity, creating higher species richness than in the
forest sites (Eversham et al. 1996, Magura et al. 2004, Elek
and Lovei 2005, 2007). Habitat specialist species are more
affected by urbanisation than generalists, and their abundance
and species richness usually declines as urbanisation advanc-
es (Magura et al. 2004, 2010a, Elek and Lévei 2005, 2007).

The main concern remains that urbanisation degrades
environmental conditions, and this may have negative con-
sequences for environmental quality (Magura et al. 2010a).
As today more than half of humanity lives in urban areas

(UN 20006), the quality of urban environment is of an increas-
ingly important concern. The urban environment provides
several ecosystem services (Bolund and Hunhammar 1999),
with tangible benefits for humans. Thus, the sooner we real-
ise potential negative change in urban conditions, the better
chances we have to mitigate them. Many urbanisation stud-
ies have aimed at the species/assemblage level (Niemeld and
Kotze 2009), mainly for its intuitive simplicity. This level,
however, has its own time constraints: species disappearance
is not registered until all individuals die, and the appearance
of later-emerging adults can further delay the response to an
unfavourable environmental change. Organisms react to con-
ditions in their habitats faster at lower organisational levels,
including behavioural or physiological ones. These parame-
ters seem promising to detect less drastic effects than popula-
tion extinction (Janin et al. 2011). One such potentially use-
ful measure reflects particular changes in the developmental
homeostatis of individuals which is considered an integrative
response, reflecting environmental stress over the course of
individual development (Parsons 1992) and which, in inver-
tebrates, often spans several months. These effects can be
captured by analysing deviations from perfect symmetry.

At the individual level, changes in body condition could
also be used to characterise habitat quality. This could even
be a more flexible signal, as condition indices provide a snap-
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Table 1. Comparison of the physiological condition (characterised by the residual index) of three common ground beetle species by site or sex.
Numbers are means =+ s.d. The number of individuals measured are in parentheses.Significance symbols: ***-0.000, **-0.001, *-0.01, ‘- 0.1

Species Condition index Comparison
Forest Suburban Urban
. -6.93+89.34 -13.52490.48 25.55491.6 . )
Carabus nemoralis (30) (64) “2) U>S*; U>F
, . . -0.53+10.22 -6.56+14.73 2.48+14.1 .
Nebria brevicollis (39) 29) 85) U>S
Prerostichus melanarius 2.27£21.6 20.68+31.16 -10.19+23.8 S>F** F>U**,
(77) 27) (72) S>U***
Female Male
. . 23.414102.22 -30.55+64.4 .
Carabus nemoralis 77 (59) F>M
. Lo 1.19+13.63 -11.78+7.3 s
Nebria brevicollis (138) (14) F>M
Pterostichus melanarius 4.2830.65 -3.41221.6 n.s
(78) (98) '

shot about the physiological state of an individual, and body
condition could indicate recent foraging success (Marshall et
al. 1999, Ball et al. 2015), that is influenced by changes in
resource availability or environmental stress.

We have evidence that urbanisation changes habitat
condition suitability for invertebrates, including ground
beetles (Elek and Lovei 2007, Magura et al. 2010b), and
spiders (Magura et al. 2010a), suggesting the higher diver-
sity of forest specialists in the rural forest than in the more
urbanised habitats, and resulting a remarkable difference in
the species composition of isopods among the urbanisation
stages (Vilisics et al. 2007). Using material collected in the
Danglobe Project (Elek and Lovei 2005), we tested whether
such changes are reflected in body condition for ground bee-
tles’ individuals.

We have evidence that urbanisation changes habitat con-
dition suitability for invertebrates, including ground beetles
(Magura et al. 2010b), and spiders (Magura et al. 2010a),
where the diversity of forest specialist is higher in the forest
than in the more urbanised habitats,) and isopods, where the
species composition were different among the urbanisation
stages (Vilisics et al. 2007). Using material collected in the
Danglobe Project (Elek and Lovei 2005), we tested whether
such changes are reflected in body condition.

We hypothesised that as urbanisation progresses, condi-
tions for ground beetles would gradually deteriorate, and this
would be reflected in body condition that is expected to gradu-
ally decrease as urbanisation progresses. We assumed a sex-
specific reaction to the same factors, assuming that females
would be more sensitive than males, due to their higher energy
needs related to reproduction, thus they are about to maximize
their energy resevoirs by building fat bodies. Therefore we ex-
pect that the females have better condition than males, though
both of them would respond negatively to urbanisation (i.e.,
show lower condition in more urbanised habitats, than in the
forest). Further, we examined if the level of fluctuating asym-
metry influences body condition in a sex specific way, hence
we suppose that the condition will decrease as the urbanisation

progresses, this relationship will be stronger for females than
males.

Our results indicate that females indeed were more sensi-
tive than males to changes caused by urbanisation. Body con-
dition in itself did not change as hypothesised, but individuals
with higher level of asymmetry had worse condition in urban
and suburban forest fragments than in the original forest.

2. Material and methods

2.1. Sampling area and sampling design

Our study area was in and around the town of Sorg, a re-
gional centre about 80 km west of Copenhagen, on the island
of Zealand. Originally the whole region was covered by a
mixed, beech (Fagus sylvatica)-dominated forest. This forest
was gradually altered as the town of Sore developed, from the
Middle Ages until today. We identified three stages of urbani-
sation, to form an urbanisation gradient, representing forest,
suburban and urban situations, according to the Globenet pro-
tocol (Niemeld et al. 2000). The three stages were each rep-
resented by areas of at least 6 ha, and had a common origin.
The forest area was part of the original forest, today a lightly
thinned near-continuous forest, ca. 3 km west of the town
centre. The suburban area was under forestry management,
lying at the north-eastern edge of the town, bordered on one
side by the town’s suburbia, and on the other, an old ditch, a
dirt road, and more forest. The built-up surface was approxi-
mately 20%, and the understory indicated nitrogen-rich soil
(plenty of nettle, Urtica dioica). The urban forest fragments
were in the Sore Akademi Park complex. This park is 12 ha in
size, lies near the centre of the town, and apart from the build-
ings of a school complex and a church, contains numerous,
small fragments with large beech trees, originating from the
old forest. The management regime is “soft”: there are only
gravel paths, and the mown grass, litter and cut branches are
returned to the understory of the forested patches. The built-
up area was about 40%.
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Traps were set up according to the Globenet protocol, and
were operated every second fortnightly period (Sapia et al.
2006) between the end of April to mid—October, 2005; the
total sampling effort was 1440 trap-weeks (120 traps x 12
weeks). For identification, keys by Lindroth (1985, 1986) and
Hurka (1996) were used. Further details about the sampling
design are in Elek and Lovei (2005, 2007). Beetles were kept
at —20° C before analysis. Three predators, Carabus nemora-
lis Miiller 1764, Nebria brevicollis (F. 1792), and Pterostichus
melanarius (Illiger 1783) were selected as these were species
that were present in reasonable numbers at all urbanisation
stages.

For evaluation, we selected individual beetles ad hoc
from the catch in April-June, 2005. Our sample included 136
(out of the 155 three-month total) individuals of C. nemoralis
(59 males, 77 females); 152 (out of the 400) individuals of V.
brevicollis (14 males, 138 females) and 176 (out of the 356)
individuals of P. melanarius (98 males, 78 females). Before
measurements were taken, beetles were thawed, and individu-
ally placed into a standard, horizontal position using a plastic
gauge in a plastic Petri dish filled with small (diameter 0.08
mm) glass beads. They were photographed under a stereomi-
croscope (Nikon SMZ 800, 10x1-6.3) mounted with a digital
camera (Nikon Coolpix 4500), using identical aperture and
exposure; two exposures were made at maximum resolution
(2,272x1,704 pixels, in JPEG format). These digital photos
were used to measure the studied morphological traits, with
the assistance of the software ImageJ (Rasband 2003) with a
precision of 0.001 mm.
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2.2. Data analysis

To characterise body condition, we used the residual in-
dex (Gould 1975), where the body mass is regressed on body
size, and the residuals provide an estimate of condition (e.g.,
Jakob et al. 1996). For this index, the elytron length was used
as proxy for body size (Lagisz 2008, Knapp and Knappova
2013). The length of the right elytron was measured with a
precision 0.001 mm. The body mass was measured using an
electronic balance, to a precision of 0.1 mg. Two independ-
ent measurements were taken for every trait. Data on traits
showing real fluctuating asymmetry (FA, Palmer 1994) were
considered for testings the condition-asymmetry relationship
based on previous studies (Elek et al. submitted). We calcu-
lated a size corrected and unsigned FA index (FA =|R — L|/
mean [(R + L)/2]) as suggested by Palmer (1994), where the
unsigned difference is divided by the sample mean of the av-
erage trait size (R- the length of right side, while L denotes
the length left side of a morphological traits ). We calculated
a linear regression of the body mass on body size, separately
for each species and sex. The residual values from the model
output were compared by general linear models among the
sites and sexes.

We tested differences in condition (residual index values
as a response variable) by a general linear model (GLM) with
the habitats and gender as fixed factors and Gaussian error
structure. The differences among the levels of the tested fac-
tors (habitat type and gender) were evaluated by multiple com-
parisons (with Tukey computed contrast matrices for several

-100 0 100 200
| | | | 1 1 | | | |
female male
urban — [s] O am oepomoo 000 O GO -HDOED O [=} =
suburban 4| o®mC © OIDOHECO® @ O 2 00O O O O OESEm-OWm o0 -
forest — 900 oI 40 o O [63] oo O G [a]s] —
I I I I T ] I I I |
-100 0 100 200
Carabus nemoralis
20 20 40
| | | 1 | | |
8 urban — CEDEEEEE O OO0 O OO mde o —
r
© suburban 4 O OBOEmD O 0O o +0 o
=
£ forest O (TS O ¢ O O & L
| I I T I I |
20 0 20 40
Nebria brevicollis
50 0 50
1 1 | | | | . . . . .
Figure 1. Distribution of condi-
urban 4 ¢ ©OoP OE@BO O ©O O 0 O GEERED MO0 aD o - .. .
tion indices in males and females
suburban @ 00 0% 00000 0 O @ O #00®MOO = of three carabid species along the
forest - 6 O oW 000 OO - pmooo0 O N urbanisatoin gradient in Sorg,
. . : : : | Denmark, 2005. The crosses de-
50 0 50 note the arithmetic mean of the

condition index.

Body condition index, Pterostichus melanarius



256

multiple comparisons procedures). We regressed the condition
index on FA values using local polynomial regression models
(loess) per habitat types and genders (Cleveland et al. 1992) for
the species where the models showed significant effects. The
loess is a procedure to fit a regression surface to data through
multivariate smoothing. The dependent variable is smoothed as
the function of the independent variable(s) in a similar fashion
as the moving average is computed in the time series analy-
sis. The fundamental form is y,=g(x;)+¢;, where the “y” is the
dependent, the “x” is the independent variable, ¢, is the error
term and the “g” is the smoothing function of the independ-
ent variables. With local fitting, we can estimate a wider class
of smoothing functions, than we can except from any specific
parametric class of functions (Cleveland and Devlin 1988).
The analyses were carried out in R 2.11.1 (R Development
Core Team 2010) using the packages multcomp (Hothron et
al. 2008), lattice (Deepayan 2008) and agricolae (Mendiburu
2010).

3. Results

3.1. Condition index in relation to urbanisation stage

Body condition of the three species reacted differently to
urbanisation. C.nemoralis had the best condition in the urban
forest fragments, demonstrating a significantly higher index
here than in either of the other two habitats (Fig. 1, Table
1). N.brevicollis also had the highest index in the urban for-
est fragment, somewhat (but not significantly) lower in the
forest, and significantly lower in the suburban habitat (Fig.
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1, Table 1). Pmelanarius showed better condition in the sub-
urban forest fragments than in either the urban or forest habi-
tats; forest beetles were also in better condition than urban
ones (Fig. 1, Table 1).

3.2. Condition index in females vs. males

Females of C. nemoralis and N. brevicollis showed sig-
nificantly better condition than males did (Fig. 1, Table 1).
Urban females of C. nemoralis were in better condition than
males. In N. brevicollis, both urban and forest females were in
better condition than males from the corresponding sites, but
the overall difference, while in the same direction, was not
significant (Fig. 1, Table 1).

3.3. Interaction between fluctuating asymmetry and
condition

There generally was a negative relationship between the
FA values and the condition index. In C. nemoralis, the slope
of the relationship was steeper in the more urbanised habitats
(suburban forest fragments and urban park) than in the forest
(Fig. 2). Both sexes showed a similar negative relationship
(Fig. 2). In N. brevicollis, the slope was less steep in the for-
est than the other two habitats (Fig. 3). Females with higher
FA had worse body condition than males in both suburban
and urban forest fragments (Fig. 3). No consistent pattern was
found between FA and condition for P. melanarius for either
habitat types or sex.
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4. Discussion

We hypothesised that the body condition of the individ-
uals will be better in the less urbanised habitats (i.e., forest)
than in forest fragments in urbanised areas. However, our
results contradicted this: individuals of two common spe-
cies, C. nemoralis and N. brevicollis showed better condi-
tion in the urban forest fragments than in the other habitats.
The third one, the generalist predator P. melanarius did not
show the best condition in the forest, either. While there are
organisms where body condition is inferior in fragmented
habitats, like treecreepers in Finnish forests (Suorsa et al.
2004), or salmanders in California (Karrakker et al., 2006),
this is not universal. Wintering wood mice (4Apodemus
sylvaticus) in Spain have no worse body condition in for-
est fragments vs. continuous forest (Diaz et al. 1999), and
several small mammal species in the Atlantic forest of
Brazil have better body condition in fragmented than non-
fragmented habitat (Puttker et al. 2008). Also, landscape
management in Sweden did not influence body condition
for wolf spiders as expected: the large, homogeneous fields
were more favourable than organically managed, small

257

fields (Oberg 2009 ). Therefore, the effect seems context-
and species-dependent.

We found that the body condition of females in C. nemor-
alis and N. brevicollis was higher than that of males. This pat-
tern was similar to those found for fluctuating asymmetry in
females vs. males of C. nemoralis and P. melanarius (Elek et
al. 2014): females had lower levels of fluctuating asymmetry
than males. Females usually need more resources than males
for reproduction, because they have to successfully form and
lay fertile eggs (e.g., Uetz et al. 2002), and it is plausible to
assume that inferior-quality females do not survive to repro-
duce (sensu lato Hendrickx et al. 2003).

Similarly, the high level of true asymmetry can be
deleterious for the individuals and also can influence the
larval-to-adult survival (Lens et al. 2002). Consequently,
the surviving population could contain the individuals who
survived these stress factors and are a robust subset of the
original population, and whose asymmetry is now relatively
unaffected by the current stressors (Floate and Fox 2000,
Floate and Coghlin 2010). The wide scatter of condition in
individuals with low degree of FA could reflect the variable
nutritional conditions experienced. However, the generally
low condition of individuals with high FA could indicate
the lower quality of these habitats. This negative relation-
ship was steeper in more urbanised habitats. This indicates
that habitat quality was indeed lower in more urbanised
habitats, and consequently, individuals with higher FA were
able to cope less well than higher quality (less asymmetric)
ones. We found a clear, consisent trend in our data, unlike
Hendrickx et al. (2003).

5. Conclusions

Our results revealed that physiological condition may
be a useful estimator of environmental conditions in ur-
banisation studies; and that the applied residual index for
condition seems an appropriate analytical tool. However,
the inconsistency of the species' responses indicated pos-
sible confounding effects (i.e., larval development, seasonal
differences in sex ratio and condition). The applied loess
regression model to relate condition and FA revealed that
the fragmentation of forest patches during urbanisation
could indeed create less favourable conditions for ground
beetles. Based on the above results, we suggest to use the
estimators in combination. Our results are consistent with
the suggestion that physiological state indicators, especially
those of body condition, could be a powerful early warning
method of population decline during habitat change (Janin
et al. 2011). Further, the complex interaction between tol-
erance limits, feeding conditions and stress levels during
advancing urbanisation underlines the importance of using
multiple criteria for assessing the impact of urbanisation on
biodiversity.
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