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Abstract: This study aimed at the effects of habitat age on the reproductive rate of three ground beetle species that are
common and widely distributed in forest ecosystems of Europe (4bax parallelepipedus (Pill. & Mitt.), Pterostichus
oblongopunctatus (F.), Pterostichus burmeisteri (Heer.)). The study sites comprised comparable age classes, i.e., young
stands, mature stands, and mature forests with upcoming and established natural regeneration of four different forest
types, namely pure stands of spruce and Douglas fir, and mixed stands of spruce-beech and oak-beech. As an indicator
for the reproductive rate of female beetles, the number of ripe eggs in the ovaries and the duration of the reproduction
period were investigated from captures of pitfall trapping (n = 8 per site). The dissection of a total of 1236 females
uncovered 1704 eggs. A broad spectrum of environmental factors including microclimate (temperature, humidity, pre-
cipitation), soil parameters (moisture, pH, thickness and coverage of litter layer) and vegetation characteristics (coverage
of moss, herb, grass, shrub and natural regeneration, degree of canopy closure) was assessed to reveal the relevant factors
influencing the reproductive success.

Within the forest types, the egg-load of the ground beetle species showed statistically significant relations to the age of
the stand type. For A. parallelepipedus, a quite uniform reaction pattern was evident with significantly higher egg-loads
in the mature forests compared to the young stands. This was accompanied by a longer duration of the reproduction
period. A stronger influence of the forest type was obvious for the egg-load of Pt. oblongopunctatus and Pt. burmeisteri.
The reproductive rate was generally increasing with temperature aspects in forest sites and was significantly influenced
by moisture parameters. The mean maximum temperature of the habitat cared for most of the variation in A. paral-
lelepipedus (61.4%), while the mean minimum temperature explained 60.7% of the reproductive potential in Pt. oblon-
gopunctatus. The variation of Pt. burmeisteri was best explained by the humidity of the air (49.4%).Thus, the results of
our study emphasize the role of abiotic parameters on the reproductive rate of ground beetles.

Nomenclature for carabids: Trautner et al. (1997).

1997, Ziesche et al. 2004, Magura et al. 2003, 2006).
Thus, soil dwelling carabid beetles have proved to be a

Introduction

The age of forest habitats with all its successional al-
terations is likely to influence the fitness of individual ar-
thropods and the composition of communities including
the soil-dwelling predacious taxa (Brown and Southwood
1987, Hurd and Fagan 1992, Heyborne et al. 2003). As
forests in Europe are mostly human-induced environ-
ments that change continuously with the successional dy-
namics (Fagan 1992, Paquin and Coderre 1997, Dajoz
2000), the age of forest habitats and the resulting changes
in environmental conditions are often reflected in signifi-
cant effects on the relative abundance of ground beetles
(Southwood et al. 1979, Niemela et al. 1996, Butterfield

useful arthropod group for monitoring and detecting
changes in the environment (Eyre and Luff 1990, Rainio
and Niemeld 2003) and many species are non-randomly
distributed with respect to distinct environmental require-
ments. While the carabid species distribution pattern in
forests of different tree composition is a well-investigated
field (Loreau 1986, Butterfield et al. 1995, Ings and Har-
tley 1999), the reproductive potential as a measure of
habitat aptitude along the successional development of
forests is still a matter of research. As a study of Van Dijk
(1983) showed, the egg-load of females is considered to
be a good indicator of habitat quality in this context.
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As habitat age is the result of the specification of a
broad variety of environmental factors, the question raises
if there are specific habitat parameters that affect the re-
productive potential of carabid species in forest habitats.
Barone and Frank (2003) documented that increasing
habitat age promoted the reproductive potential of Poeci-
lus cupreus in early successional stages of wildflower
meadows. This was also an effect of better nutritional
condition of individuals with increasing vegetation cover
(Bommarco 1998, Denys and Tscharntke 2002).

Van Dijk (1982, 1986b) found direct and sharp reac-
tions in carabid fecundity upon experimental changes in
quantities and the kind of food under constant tempera-
ture. Quantity as well as quality and composition of avail-
able food is known to affect fitness and the egg production
rate of carabid beetles in experimental studies (Mols
1979, Van Dijk 1979, Heessen 1980, Lenski 1982, Van
Dijk 1983, Griim 1984, Sota 1985, Juliano 1986, Wallin
et al. 1992). Szyszko et al. (1996) suggested that changes
in food availability for the larvae and adults of Pt. oblon-
gopunctatus arose in the course of successional changes
in forests. But, on the other hand, the respiration rate of
adult beetles as an indicator of consumption rate de-
creased in this study with increasing age of forests. Food
limitation during the developmental cycle of polyphagous
carabids is likely to appear frequently in the course of the
season (Van Dijk 1986b, Bilde and Toft 1998, Bommarco
1999) and the food availability is an intrinsic feature of
the habitat (Schneider 1997), but is still less well studied
(Pearson and Knisley 1985, Van Dijk 1986a).

Besides the nutritional influence on the number of
eggs laid, there is strong indication that microclimatic
conditions during the reproductive period directly influ-
ence the reproduction rate (Van Dijk 1994). Unitl now,
few studies considered the impact of detailed environ-
mental conditions on carabid reproduction in the course
of forest succession. For example, the egg production was
found to be highly temperature dependent under constant
feeding conditions in laboratory studies (Van Dijk 1979,
1982, 1983, Ernsting and Huyer 1984). Usually it is a
complex of factors, like food availability, temperature
and humidity, that determines the egg production in the
field (Thiele 1975, 1977, Van Dijk 1986a, Begon et al.
1996).

The aim of this study was to test the hypothesis that
the reproductive rate of various ground beetle species is
affected by the age of forest habitats. Moreover, it is as-
sumed that the relation between habitat age and reproduc-
tive rate is due to the performance of environmental pa-
rameters varying with the characteristic features of the
successional stages. Thus, the reproductive rate of three
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common silvicolous ground beetle species (4. paral-
lelepipedus, Pt. oblongopunctatus, Pt. burmeisteri) was
examined in four forest types of different age classes.

Materials and methods

Study sites

The investigation was carried out in the cultural land-
scape around Augsburg (48°19¢/11°06°, Central Bavaria,
South Germany), with a high share of forested area. The
study area belongs to the Tertiary hill country of the gov-
ernment district Swabia. It is predominantly characterized
by a subatlantic climate with annual mean temperatures
of 7.5 to 8.0°C. The average of annual precipitation
ranges between 700-900 mm. The soils developed on
these sites are fertile brown and parabrown earths. They
originate from sediments of the Upper Miocene, over-
layed by a fine, more or less mighty loam layer which is
derived from loess loam.

The study sites (n = 12) comprised forest ecosystems
of four different tree species compositions (stand type),
which are representative for the cultural landscapes of
South Germany: pure stands of spruce (Picea abies) and
Douglas fir (Pseudotsuga menziesii), mixed stands of
spruce and beech (Picea abies, Fagus sylvatica), as well
as mixed stands of oak and beech (Quercus robur, Fagus
sylvatica). The following age classes (successional
stages) were included in the study design, as far as they
were part of the silvicultural practice of the stand type and
present in the study area: young stand (YS), mature stand
(MS), mature stand with upcoming (MR) and established
regeneration (eMR; Table 1). The age classes referred to
silvicultural thinning measures representative for regional
forestry practice (YS: age class of young stands which
passed through the first thinning measure after planting of
trees; MS: age class of mature stands before thinning
measures to promote natural regeneration; MR: age class
of mature stands after thinning measures to promote natu-
ral regeneration).

The study sites corresponded to one another in terms
of altitude, soil and macroclimatic conditions, namely
mean annual rainfall and mesoclimatic temperature.

In the center of each study site (1 ha), a core investi-
gation area of 50 m x 50 m was established for the sam-
pling of ground beetles and the assessment of environ-
mental parameters. The core area of each study site was
surrounded by a belt of at least 25 m of forest of the same
tree composition representing a buffer zone (Molnar et al.
2001) and beyond that by further forest ecosystems up to
a distance of several kilometres, to exclude side effects
from adjacent forests.



Forest habitat age and beetle reproduction

185

Table 1. Characteristics of the study sites (1 ha). Age class: YS (young stand), MS (mature stand), MR (mature stand with
upcoming natural regeneration), eMR (mature stand with established regeneration). The degree of canopy closure refers to
the summer aspect under complete foliation, the same applies to relative air humidity and soil moisture.

Stand structure Pure stand Mixed stand
Stand composition  spruce  spruce  spruce Douglas Douglas spruce- spruce- spruce- spruce- oak- oak- oak-
Sy (MS) (MR) fir (Y3) fir (MR) beech beach beech beech beech beech beech
{v3) (MS) (MR) (eMR) vs) (M3) {eMPR)
Picea abjes Pseudolzuga Picea ables / Fagus sylvaiica Quercus robur / Fagus
menziesii syhvafica
Standl age
[ years| 30 62 89 15 80 38 73 89 105 28 75 112
Vegetation cover
verags ] 44 106 4.4 205 869 064 10 313 16.3 4 238 1.9
Canopy dosure 6979 5053 8850 446 3843 6782 4572 4969 1846 4568 54.83 4870
insummer [ %]
Td- season[C9 1057 1125 1150 1079 11.62 1048 1125 11,58 1.3 1097 1123 11.54
T min [C°) 23 1307 13% 1273 1373 12,3 1331 1335 12,93 1297 1330 1375
insummer
Humicityel % rge8 o274 sete 64 9129 750 505 g1 89,53 49,69 7427 56,04
Solmoisure [%] 5049 4gm 4379 4013 258 44,3 25 47.49 4854 P23 3340 .31
Upperpaoj!o 3541 3438 5398 448495 308426 350415 873406 355405 540403 454485 393401 406418
'y
Forest harvestin
Datalogger trail
Fitfall trap  and Rainsampler
4]
L]
. 10m
Sampling area of
environmental parameter Figure 1. Sampling design in
the core investigation area
(50 m x 50 m) within each
¥ study site (1 ha).

Sampling of carabid beetles and assessment of the
reproductive rate

Carabid beetles were sampled by pitfall trapping (8
replicates per study site, volume: 370 ml, & 7.5 cm, fixing
agent: solution of saturated benzoic acid and detergent).
The traps were arranged in the center of a core area (50 m
X 50 m) of the study site in two linear transects with 4
traps each. The distance of the traps between and within
the transects covered 10 m (Fig. 1). The study period
started on March 12 and lasted until October 22, 2002.
The pitfall traps were emptied every 4 weeks.

To assess the reproductive rate of the ground beetle
species, the number of ripe eggs in the ovaries and ovi-
ducts of the females was analysed (Van Dijk 1983). The
females, preserved in pure alcohol, were dissected ac-
cording to Renner (1999). To complete the picture about
the reproduction pattern, the duration of the reproduction
period was calculated from sampling intervals with fe-
males carrying developed eggs. The proportion of fe-
males carrying eggs was calculated likewise from the to-
tal catch-results of females in pitfall traps of each study
site.
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Assessment of environmental variables

During the study period, twenty five environmental
parameters were recorded for statistical analyses regard-
ing the influence of habitat factors of forest successional
stages on the number of eggs in the ovaries. Soil tempera-
ture was measured continuously during the investigation
period every 45 minutes at each trap (n = 8 per study site
(Z=96) in a depth of 1 cm in the litter layer) by data log-
gers (Tinytalk IT, TK — 0023, Spectra Computersysteme,
Leinfelden-Echterdingen), air temperature and humidity
every 90 minutes twice in a trap line (n = 2 per study site
(£ =24) 80 cm above the ground) by Tinytags Ultra (TG
1500, Spectra Computersysteme Leinfelden-Echterdin-
gen). From the recordings were calculated daily, monthly
and seasonal (spring: March 8 to June 5, summer: June 6
to August 28, fall: August 29 to October 23) values of
mean temperature and air humidity, mean minimum and
maximum temperature, the temperature variation be-
tween tyi, and ty,y, the number of days with a mean tem-
perature above 8°C. The temperature aspects were also
applied to the time span of reproduction for each species
(i.e., A. parallelepipedus: 08.03.-27.08., Pt. oblon-
gopunctatus: 12.03.-30.07., Pr. 10.04.-
27.08.). Precipitation was measured at each pitfall trap by
rain samplers (funnel diameter: 7.6 cm) gathering the pre-
cipitation of four week intervals, which corresponded
with the sampling periods of ground beetles. Also, every
4 weeks the composition and thickness of the litter layer
were recorded in a radius of 1 m around each trap, the
cover value of litter in a radius of 5 m around each trap.
At the same time intervals, structural parameters of the
vegetation were assessed within a radius of 5 m around
each pitfall trap including an estimation of the degree (%)
of canopy closure and — according to Braun-Blanquet
(Mihlenberg 1989) — the coverage (%) and standing
height (cm) of moss, herbs, grass and natural regenera-
tion. Species composition of the vegetation (moss, herb,

burmeisteri:

grass, shrub layer) as well as soil and litter samples for the
determination of moisture (% water content; Scheffer and
Schachtschnabel 1989) and pH ;>0 were taken in spring
(April 9), summer (July 30) and fall (September 24),
2002.

Statistical analyses

Statistical analyses were based on the software SPSS
11.5. To test the impact of the successional stage of each
forest type on the number of eggs in the ovaries of species
one-way ANOVA was applied on trap level followed by
Tukey’s honestly significant difference test (HSD).

To acquire the correlation between mean egg-loads
and mean environmental parameters of the study sites (n
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=12, on site level), a stepwise multiple linear regression
analysis was performed for each species. The data of each
pitfall trap of sites (n = 8) were averaged over time for the
analyses. Subsequently, a regression model with the sig-
nificant habitat factors explaining the gradient in the egg-
load of ground beetle species was run. To analyse the in-
fluence of habitat age on egg-load, the regression analysis
was performed for all stand types classified in age classes
(n=4,YS, MS, MR, eMR).

A stepwise multiple linear regression analysis was
performed to elucidate the effects of specific environ-
mental habitat parameters on the number of eggs pro-
duced per female in each species based on the results of
single pitfall traps (n = 96, on microhabitat level). Spear-
man rank correlations of mean egg numbers per female
were applied to reveal correlations between the egg-load
and the environmental conditions for each trap and spe-
cies (significance level: P** < 0.01, P* <0.05).

Results

The species Abax parallelepipedus, Pterostichus ob-
longopunctatus and Pterostichus burmeisteri counted for
3218 specimen and made up 74.7% of the total catch of
ground beetles. 4. parallelepipedus and Pt. oblongopunc-
tatus are known as eurytopic generalists and were caught
at each study site in almost every pitfall trap. Pz. burmeis-
teri was nearly missing at two study sites (spruce-beech:
eMR; Douglas fir: MR) and additionally missing in single
pitfall traps of other study sites (Table 2). Consequently,
on these sites the sample size of Pt. burmeisteri was too
low to judge potential effects of habitat age on the repro-
ductive rate.

In total, 1174 eggs were detected in Pt. oblongopunc-
tatus, 217 eggs in A. parallelepipedus and 313 eggs in Pt.
burmeisteri. Egg size ranged from 0.8 — 0.85 mm in Pt.
oblongopunctatus, 2.4 — 2.52 mm in Pt. burmeisteri and
3.12 — 3.24 mm in A. parallelepipedus. The number of
eggs in the ovaries of individual females varied within
each species between 1-15 in 4. parallelepipedus, 1-14 in
Pt. oblongopunctatus and 1-23 in Pt. burmeisteri.

Egg-load of ground beetle species at forest stands
differing in tree species composition and age class

In all forest types — except the pure stands of Douglas
fir — the egg-load of the ground beetle species showed sta-
tistically significant relations to the age of the stand type
(Table 3). However, the effects of habitat age on the egg-
load varied between the ground beetle species and the for-
est types.
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Table 2. Number of adult beetles (males, females) of 4. parallelepipedus, Pt. oblongopunctatus and Pt. burmeisteri in forests
of different tree species composition and age class - according to pitfall catches during the vegetation period ot 2002.

Stand structure Pure stand Mixed stand
Doudl Dol spruce- sprucs- spruce- spruce- oak- oak- oak-
Stand composition Sp;gce Sp’\:ge S%%Ce f_o u\gsas fi oul\gﬂ %S beech beech beech beech beech beech beech
sy (M3 MRy fir(rSy fir (MR vy 3) (MR (elIR) 1v3) S) (elIR)
: . Pseudatzuga Picea abies / Quereus robur /
Picea ables L . ;
menziesii Fagus syhvatica Fagus syfvaiica
Stand age (years) 30 62 89 15 80 38 73 89 105 28 75 12
A parallelepipedus 33 47 31 103 182 32 137 89 93 36 96 98
male 17 23 15 74 el 25 5] 55 55 20 57 71
fernale 16 24 16 29 83 7 48 34 38 16 38 27
(Fem. with eges) 26%) @43 (T1%)  (15%) (12%) (40%) (25%) (38%) (27%) (%) (11%) (27%)
Pt oblongopunctatus 21 129 220 82 58 53 179 313 55 86 28 202
male: 11 68 13 52 36 34 112 186 32 43 15 113
fernale 10 &1 85 30 22 19 &7 127 23 43 13 89
(Fem. with egzz) (80%)  (53%) (57%)  (B3%) (B5%) [50%) (83%) (69%) (58%) (73%) (50%) (B5%)
B burmeisteri 1 31 80 17 2 53 101 201 2 130 142 45
male: 8 21 58 14 2 41 83 148 1 66 79 27
female: 3 10 22 3 4] 12 18 53 1 B4 B3 18
fflem. with 2qge) (23%)  (30%) (14%) (0%) (0%) (83%)  (285%)  (11.5%)  (100%) (23%) (6.4%) (22%)

Table 3. Number of ripe eggs (mean+SD) per female in A. parallelepipedus, Pt. oblongopunctatus, Pt. burmeisteri, in forests
of different tree species composition and age class, according to the catch results of pitfall traps during the vegetation period
2002. Egg-loads marked with the letter “a” differed significantly from egg-loads marked with the letter “b™ according to one-
way ANOVA, Tukey-HSD-test (P < 0.05).

A. parallelepipedus

Y3 MS MR eMR df F P
Spruce 063x141a 202+203b 169+215b 221 14621 =0.001
Spruce-beech 063x177 a 1.53£1.640b 156 £1.59b 113 £1.46b 3.28 3.209 =0.038
Qak-besch 001+004a 1.13+£1.89b 1.25+244b 221 15974 <0.001
Douglas fir 100141 a 1.21£1.19a 221 10369 =0.365
Pt oblongopunctatus
YS MS MR eMR df F P
Spruce 081+151a 3.87+1.02b 290+1.21b 221 1219 =0.001
Spruce-beech 3.19+259a 383+182a 415+£1.00a 148+202hb 3.28 13771 <0.001
Oak-beech 282+166a 163+226a 419+085b 221 18708 =<0.001
Douglas fir 346+204 2 238+273a 221 2288 =0.201
Pt burmeisteri
YS MS MR eMR df F P
Spruce 0.01+£003a 1.92+405Db 013+£035a 2.21 29.729 <0.001
Spruce-beech 0.01+002a 413 +£505h 146+274b 0.01 £002a 3.28 182,897 <0.001
Ozk-beech 494+439a 2005660 1.75+£495Db 2.21 44,634 <0.001
Douglas fir 0+0 0+0 221 0.0 <0.001

A clear and uniform relation between habitat age and

egg-load of the ovaries was obvious for A. paral-
lelepipedus. The females of A. parallelepipedus carried
significantly more ripe eggs at the older (MS, MR, eMR)
than at the young stands of spruce, spruce-beech and oak-
beech (Table 3). Between the age classes of mature forests
(MS, MR, eMR), the egg-load did not differ significantly.

Nevertheless, at spruce and spruce-beech there was a ten-
dency of decreasing egg-load of the females at stands with
upcoming (MR) or established regeneration (eMR), re-
spectively.

A stronger impact of the specific stand type on the
number of ripe eggs was evident for Pt. oblongopunctatus
and Pt. burmeisteri. In the pure spruce stand series the
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Stand age

Figure 2. Egg-load (mean+SD) per female of 4. paral-
lelepipedus in ﬂge different age classes of all forest types
(F1,10=5.024, R" = 0.333, P=0.049, n = 12).

25

20

1.5

1.0

05

Mean number of eggs per female

0 —— -
145 150 155 160 165 170 175 180

Maximum temperature (C°)

Figure 3. Relationship between the number of eggs in the
ovaries of A. parallelepipedus and the mean maximum soil
surface temperature of the different age classes of the forests
during the reproduction period (8" of March till 27" of Au-
gust). according to the results of the regression analysis
(F1,10= 1591, R?=0.614, P=0.003,n = 12).

egg-load pattern of Pt. oblongopunctatus and Pt. bur-
meisteri corresponded with that of A. parallelepipedus,
showing the significantly lowest reproductive rate in the
young stand (YS), the highest in the mature stand (MS).
The differences between YS and MR were significant for
all species, the differences between MR and MS only for
Pt. burmeisteri (Table 3). At the spruce-beech stands, fe-
males of Pt. oblongopunctatus carried a high load of ripe
eggs in all age classes, exept the mature stand with estab-
lished regeneration (eMR). Considering spruce-beech, Pr.
burmeisteri carried the lowest number of ripe eggs in the
young stand and the mature stand with established re-
generation. In the oak-beech series, the egg-load of fe-
males decreased with increasing age of the forest habitat
(Table 3).

In the oak-beech stands, the egg-load of Pt. oblon-
gopunctatus was high in the young stand, decreased to the
lowest level in the mature stand and reached its (statisti-
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Figure 4. Relationship between the average egg-load in the
ovaries of Pt. oblongopunctatus and the minimum soil sur-
face temperature of study sites within the reproduction pe-
riod of March to August according to the results of the
regression analysis (Fi11=15.447, R>=0.607, P = 0.003,
n=12).

cally significant) maximum in the mature stand with es-
tablished regeneration.

Effect of environmental parameters on the egg-load of
carabid species

On site level. The stepwise multiple linear regression
analysis for each species revealed different habitat factors
explaining the gradient in site specific egg-load. As the
linear regression analysis uncovered, the habitat age was
no significant criterion for Pt. burmeisteri and Pt. oblon-
gopunctatus. For Abax parallelepipedus, it accounted for
33.3% of the variation of egg-load (F; 19= 5.024, R =
0.333, P =0.049, n = 12). The low degree of explanation
of variance is shown to be attributed to the low eggload in
mature forests with established regeneration (Fig. 2).

The result of a regression analysis of the relation of
mean maximum soil surface temperature and the egg-load
of A. parallelelpipedus is displayed in Figure 3. This abi-
otic parameter explained 61.4% of the variation in a re-
gression model (multiple stepwise forward) (Fig. 3). Add-
ing the thickness of the litter layer explained 79.8% of the
variation, adding additionally the litter moisture 83.9%
(F19=17.818, R?=0.839, P=0.001, n = 12). The vari-
ation in egg-load at site level for Pz. burmeisteri was best
explained by the humidity of air (49.4%, negative), the
mean maximum soil surface temperature and the degree
of canopy closure accounting for 91.5% (F; g=28.865, R?
=0.915,P=10.0001, n = 12), while the egg production in
Pt. oblongopunctatus was found to increase with the
mean minimum soil surface temperature explaining
60.7% of variation (Fig. 4). The vegetation parameters
had no significant effect on the species egg-load.

On mircohabitat level. The Spearman rank correlations
and the multiple linear regression analyses revealed the
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Table 4. Results of the Spearman rank correlations and regressions of environmental parameters and the egg-load of ground
beetle species. Highly significant negative or positive correlations are underlined. The significant parameters according to the
stepwise forward regression analyses are marked by (R). Spearman's rho given for significant correlations (*p < 0.03,
Eok

p<0.01).

A. paraflelepipedus Pi. burmeisieri  Pi. obiongopunciaius

habitat age (y) 218(*)
litter depth (cm) 212(%)

T max [C*) 236"

T min {C*)

canopy closure (%)

mass cover (76) 2110 (R)
litter pH -246(1 (R)
soil pH - 170(%)
litter moisture (%) 221(%)
soil molsture (%)

regeneralion cover %

grass cover (%)

deadwood (%)

litter cover (%)

humidity air {36) 238"

Spearman rank correlation  **F<0.01
Spearman rank correlation  *P<0.05

temperature eurythermic
humidity werophilic
light dark prefersnt

30

25 -
2.0 1
1.5
1.0

05
0 — [

20=30 30<40 40«50 50«60 60<70 70«80 80<90

fMean number of eggs per female

Canopy closure (%)

Figure 5. Relationship between the mean number of eggs
found in the ovaries of Pt. burmeisteri and the degree of can-
opy closure based on the results of the stepwise regression
analyses on microhabitat level (n = 96).

environmental parameters relevant for the egg-load per
female at each pitfall trap (Table 4). 4. parallelepipedus
showed highly significant enhanced egg-loads at mi-
crosites with lower pH of the litter layer, increased air hu-
midity and soil temperature (Spearman 740 p < 0.01).

In addition, significant (P < 0.05) effects were obvi-
ous for litter moisture, habitat age, litter thickness, the
share of soil surface covered with moss, and the soil pH
(Table 4). For Pt. burmeisteri, the Spearman rank corre-
lation analysis identified significantly increased egg-
loads per female at microsites with dry air conditions (this

217(")
248"
-~ 243"

-219(
202()
175(%)
~236(*) (R)
-237") (R)

-.385(™) (F) -200(") ()

Ecological preference according to Thiele (1977)

cold preferent eurythermic

serophilic hygro- & mesophilic

dark preferent suryphotic

3.0

25

2.0

15

1.0

0.5

Mean number of eggs per female

35<45 45<55 35<65 65<75 75<80

Litter moisture (%)

Figure 6. Relationship between the mean egg-load per fe-
male of Pt. oblongopunctatus and the water content of the
litter layer in spring time based on the results of the step-
wise regression analyses on microhabitat level (n = 96).

was confirmed by multiple linear regression analysis),
with a high degree of canopy closure (Fig. 5), and low
moss cover (Table 4). Additionally, a higher level of egg-
load was found in patches of decreased soil moisture, as
well as in patches covered with natural regeneration or
grass (Table 4). Higher egg-loads of Pt. oblongopunctatus
were positively correlated with minimum soil surface
temperatures and the pH of the soil (Table 4). Extended
litter cover and air humidity were leading to a signifi-
cantly lower number of eggs in the ovaries of this ground
beetle species. In addition, linear regression analysis re-
vealed the litter moisture as a strong impact factor for the
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Table 5. Time span of females carrying eggs during the investigation period of 2002. The numbers representing the percent-
age of assessed females with eggs in the ovaries.

Stand structure Pure stands

Mixed stands

Stand composition spruce Douglas fir
A pamalelepivedus (YS) (MS) (MR} (YS) (MR)
12.08.- 1004,

11.04.- 07.08.

0B 05 - 0406 50 10 29 27
05.08- 02.07, 70 50 57 33
(B.07.- 30.07. 50 10 43 14 40
0807 - 2708 10 7

28.08- 2409,

25.09- 2210,

Ft. oblongopunctatus (¥S) (MS) (MR) ¥YS) (MR)
12081004 2 & 5
11.04.- 07.08. 14 32 29 42
08.05.- 04.06. 75 82 36 47 53
06.08- 02.07. 25 2 26 18

(B .07 - 3007 5

08.07.- 27.08.

28.08.- 24.09.

25.08.-2210.

Br burrmeisteri (YS)  (MS)  (MR) (YS) (MR)
12 08- 1004

11.04.- 07.08.

08.05.- 04,06

05 0Fi- 02 07 20

0G.07.- 3007, 100 &7

08.07.- 27.08. 20

28.08.- 24.09.

25.09.- 2210, 50 33

beech-spruce oak-beech
(YS) (MS) (MR) (eMR) (Ys) (MS) (eMR)
55 17 19 30 27
9 8 100 50
100 27 42 75 20 B4
9 33 5
g
(¥YS) (MS) (MR) (eMR) (YS) (MS) (eMR)
1 7 2
22 33 29 20 60 7
a4 1 4 o7 85 20 70
33 28 18 11 20 19
4
’
5 1 3 2
YS) (MS) (MR} (eMR) (YS) (MS) (eMR)
25 18 13 20 25
75 27 100 10
100 g 55 80 50
45 16
6 25

egg-load (Fig. 6). The age of the study sites had no sig-
nificant effect on the species egg-load on the basis of sin-
gle trap data in the latter two species.

Time span of females carrying eggs

Referring to A. parallelepipedus, the time span of pit-
fall trapped females carrying eggs lasted longer in the ma-
ture forests (MS, MR) compared to the young stands and
the oldest sites (eMR) (Table 5). Only with the Douglas
fir forests the reproduction period did not depend on the
age class of the stands.

The deviating pattern of Pt. burmeisteri and Pt. oblon-
gopunctatus in the oak-beech age class series was evident.
The egg carrying period of these ground beetle species in
the young stand (Y'S) reached or exceeded that of the old-
est site (eMR). The females in the mature site (MS) gen-
erated eggs for a decreased period of time, which corre-
sponds with the egg-load pattern per female. The majority
of females in Pt. oblongopunctatus carrying eggs were as-
sessed in spring and early summer (10.04.-02.07.), while
the female capture in 4. parallelepipedus (07.05.-27.08.)
and Pt. burmeisteri (07.05.-27.08./22.10.) prevailed be-
tween late spring and fall.

Discussion

With the capture and dissection of female ground bee-
tles a moment survey of fecundity was assessed, since
carabids lay eggs over a period of time during the repro-

ductive season (Den Boer 1968, Thiele 1977). The
amount of reproduction is a highly variable feature of in-
dividual females (Van Dijk 1979) and even age-depend-
ent in ground beetles (Van Heerdt et al. 1976) (in Ca-
lathus melanocephalus, Pterostichus coerulescens).
However, each female has a characteristic level of repro-
ductive rate which varies only slightly with time under
constant and optimal conditions (Van Dijk 1979). Van
Dijk (1981, 1986a) showed for several species that there
is a general relationship between the weekly number of
eggs in the ovaries and the weekly number of eggs laid.
Thus, the egg-load of the ovaries seems to be a good indi-
cator for the reproductive rate of ground beetle species in
the field.

Confirming our hypothesis we could clearly show in
this investigation, that — except for Douglas fir stands —
the age of forests is affecting the reproductive rate of
ground beetle species. But the reaction pattern was spe-
cies specific. A quite uniform reaction pattern was evident
for A. parallelepipedus. For that species, the reproductive
rate increased with the age of forest stand. In Pz. oblon-
gopunctatus and Pt. burmeisteri, the reaction depended
on the cover tree species.

As the egg-load is considered to be an indicator of the
habitat quality (Van Dijk 1983), the results document
strong alterations in the suitability of different age classes
of forests for ground beetle species. This impression was
confirmed by analysing the time span of females carrying
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eggs. Hence, longer periods of egg-production were docu-
mented at sites of increased egg-load per female. Those
habitats also favour the duration of the reproduction pe-
riod and likely the number of generations involved in egg
production (Van Heerdt et al. 1976) and thus the fecun-
dity. The increased egg production as well as the in-
creased time period of reproduction might as a matter of
fact promote the stability and growth of a population.

Moreover, the species specific relation between habi-
tat age and reproductive rate indicates the influence of
distinct environmental parameters on the reproduction
level of a species. Van Dijk (1979, 1994) found that the
reproduction level depends besides the availability of
food on weather conditions.

The statistical analyses revealed the maximum tem-
perature for A. parallelepipedus (61.4%) and the mini-
mum temperature for Pt. oblongopuntatus (60.7%) to be
an important impact factor influencing the egg-load of fe-
males in the forest habitats. The egg-laying period as well
as the number of eggs laid per female were affected by
temperature aspects in a beneficial way for all three spe-
cies. Thiele (1977) stated that even forest species, living
generally under lower temperature conditions than open
land species, benefit from increased temperature. Apart
from individual differences between females (Van Dijk
1979), the temperature will contribute considerably to the
variation in numbers of eggs laid per female (Van Dijk
1983, Lenski 1984, Mols 1988, Van Dijk and Den Boer
1992). Also, the number of eggs laid and temperature
have been shown to be highly correlated under constant
feeding conditions (Ernsting and Huyer 1984). Thus, also
Pt. burmeisteri, a cold and dark preferring species, carried
increased egg-loads in the ovaries at sites of high maxi-
mum temperatures.

To reveal the effects of environmental parameters on
the egg-load of ground beetle species on a microhabitat
level we conducted analyses on single pitfall trap level,
because a considerable variation of species distribution
and environmental conditions on a small scale level has
been measured. Similar small scale distribution patterns,
which are maintained over periods of time (Baars 1979,
Brunsting 1981, 1983), have been described in earlier in-
vestigations on forest carabids (Niemeli et. al 1996, An-
tvogel and Bonn 2001). There are also strong indications
that females show distinct preferences for certain micro-
habitats within a forest to lay their eggs. Reise and Weide-
mann (1975) described the patchy distribution of adult
and larval stages in Pt. oblongopunctatus. Thiele (1977)
observed a difference in habitat affinity of male and fe-
male ground beetle species in forests, which he referred
to certain egg-laying behaviour. Huk and Kithne (1999)
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described behavioural differences in Carabus clathratus
females after copulation, which indicates that oviposition
site selection is an important factor in the life cycle of
some carabid beetles.

Our investigation revealed significantly more eggs in
the ovaries of females in places of ecologically preferred
habitat conditions (Thiele 1975, 1977, Koch 1989) in the
studied ground beetle species. Thus, the egg number per
female analysed on single trap level increased signifi-
cantly under moist litter conditions and was positively in-
fluenced by the temperature parameters in A. paral-
lelepipedus and Pt. oblongopunctatus. Thiele (1977)
observed in temperature gradient experiments that the fe-
males of Pt. oblongopunctatus seek for higher tempera-
tures than the males and in doing so they choose a tem-
perature that corresponds to the improved natural
conditions of the larvae, laying their eggs in a site that is
thermally suited to the needs of the hatching larvae. Van
Dijk and Den Boer (1992) found, when taking the results
of rearing carabid beetles into account, that abiotic fac-
tors, especially temperature and soil moisture, largely de-
termine the survival of all three larval stages. Litter mois-
ture may play an important role in protecting carabids
from desiccation and may improve the density of prey.
Huk and Kiihne (1999) showed for the hygrophilous
Carabus clathratus a significant substrate- and soil mois-
ture selection in egg-laying behaviour regarding the habi-
tat preference of the adult beetles and it becomes reason-
able that the favourable conditions for the development of
the less mobile offspring stages are leaned towards the
preferences of adult beetles and that reproductive success
is strongly dependent on breeding site characteristics
(Bernado 1996, Rudolf and Rédel 2005). Also, soil and
litter moisture and humidity of the air of the study sites
showed a strong impact on the reproduction of the species
on the site level, as has been shown to promote carabid
assemblages in a study of Magura et al. (2006).

In addition, females of Pt. oblongopunctatus are
known to prefer for the egg deposition the well-structured
litter (Heessen 1980), perhaps making it more difficult for
predators to prey on eggs and thus reduce egg mortality,
compared to low structured litter layers. However, ex-
tended litter cover was not leading to increased egg-loads
as has been observed for the activity density of adults that
increased in plots of added leaf-litter in a study of Koivula
et al. (1999) and Magura et al. (2004).

Thiele (1977) described Pt. burmeisteri as a cold pref-
erent, xerophilic and dark preferent forest species, which
was reflected in the reproduction value of female beetles.
In our study, the reproduction of Pt. burmeisteri was in-
creased in dry microhabitats under closed canopy. Be-
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sides, we found that microhabitats with natural regenera-
tion and dense grass cover resulted in an increased egg-
load. Also highly significant for Pt. burmeisteri was the
decrease in egg-load at microsites covered only with
moss. The regeneration and grass vegetation may as well
serve as a shelter against predation and desiccation for
this species (Sanderson et al. 1995). Barone and Frank
(2003) found that fecundity and nutritional state of P. cu-
preus were promoted by increased vegetation cover in
wildflower meadows.

Conclusions

Despite the study of only one age-class set of stand
types due to logistic difficulties and the time intensity of
the investigations, we found distinct habitat parameters
influencing the egg-load in three forest carabid species of
coniferous and deciduous woods. Especially temperature
conditions significantly influenced the reproduction in a
positive way in all species at study site level, as well as
the litter moisture in 4. parallelepipedus and Pt. oblogon-
punctatus in a positive and humidity and soil moisture in
Pt. burmeisteri in a negative way. While female choice of
favourable microhabitat conditions for egg deposition en-
hances the chance for development of subadult and sur-
vival of adult stages (Paarmann 1966, Rudolf and Rodel
2005) we assume that presence and frequency of patches
with species specific favourable environmental condi-
tions in a forest ecosystem play an important role in
carabid fecundity.

The results document, when discussing the factors
limiting and improving the reproductive rate and the sur-
vival of subadult and adult beetles in nature, that repro-
duction not only depends on the availability of food
(White 1978, Van Dijk 1981, Dempster and Pollard
1981), but also on abiotic habitat parameters. Moreover,
the accessibility of food in the field is significantly influ-
enced by the fact that the amounts and nutritional qualities
of food together with the activities of the beetles will also
be influenced by weather conditions (Van Dijk 1982),
since prey species also react to abiotic factors (Van Dijk
and Den Boer 1992). The impact of temperature on the
reproduction of ectotherms (Huey and Berrigan 2001) has
been described in laboratory studies, which not only af-
fects the egg production (Ersting and Isaak 2000), but
also the egg size and thus the size of the first larval stage
(Ernsting and Isaak 1997), the feeding rate of larvae and
adults (Ernsting et al. 1992), the duration of development
(Heessen et al. 1982) and mortality rate of subadult stages
(Heessen and Brunsting 1981). Those factors also con-
tribute to the size of single females and reproduction proc-
esses in a population (Wallin et al. 1992, Bommarco
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1999). Consequently, the measured habitat parameters
explain to a high degree the the variance of reproductive
rate of ground beetles. Because these intrinsic habitat pa-
rameters often change with successional stages (Dajoz
2000), effects of forest age on the reproductive rate of
carabid beetles are demonstrated.
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