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Abstract. Prior familiarity of carabid beetle populations with seeds of a plant species might result in a preference for locally
available species, either due to evolutionary adaptation or learning. Rejection of exotic species might favor the survival of the
exotic species due to enemy release. In adults of two Carabidae species, Pseudoophonus rufipes (DeGeer) and Harpalus affinis
(Schrank), we investigated the consumption of seeds of the local (growing inside the distribution range of experimental carabid
individuals) Asteraceae species Taraxacum officinale and Crepis biennis, and the exotic (growing outside this area) Asteraceae
species Adenostyles alliariae and Homogyne alpina. We assumed that the seeds of the exotic species would be consumed less
than the seeds of the local species because the seeds of exotic species are not typically found within the range of the tested
carabid populations and therefore may be preferred less than the seeds of local species. The seeds of both exotic species were
consumed less than the seeds of the preferred local species, T. officinale, but were consumed more than the seeds of the rejected
local species, C. biennis. Both carabid species preferred A. alliariae seeds over H. alpina seeds. No difference was observed
between the preferences of the mobile and well-flying species P. rufipes and the sedentary and rarely flying H. affinis. The study
did not demonstrate the hypothesized preference of the two tested beetle species for the seeds of locally available plant species.

INTRODUCTION

The predation of seeds by ground beetles (Carabidae)
has been studied in detail (Kulkarni et al., 2015). The in-
tensity of seed predation for a particular plant species var-
ies and depends on both the species of plant and species
of carabids. Seed consumption depends on several factors,
particularly seed size (Honek et al., 2003, 2007), and the
mechanical (Fofova et al., 2020) and chemical (Kulkarni
et al., 2017) properties of the seeds. One factor that has
not yet been investigated in relation to seed consumption
is the familiarity of the carabid population with the seed
species. Like other post-dispersal seed predators, carabids
may exhibit different preferences for seeds of plant spe-
cies with which they come into contact in the local out-
doors versus those from species that these predators cannot
encounter because these plants grow in other geographic
areas. In this work, the seeds of herb species growing in the
area from which the carabid populations used as predators
originate are designated “local,” the seeds of herb species
growing outside this area — which these carabid popula-
tions could not encounter — are designated “exotic.” We
therefore tested the hypothesis that one factor influencing
seed consumption is the correspondence between the geo-
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graphic origin of the carabid population being tested and
that of the geographic origin of the plant species providing
the tested seeds. This may result from coevolution of the
carabid population and local herb flora or from experience
with the taste of food during the ontogenetic development
of the experimental animals before the start of the experi-
ment. Experimental animals were presented with either
seeds from plant species growing at the location where the
tested carabid population was collected (hereafter, “seeds
of local plant species™) or seeds from plant species grow-
ing outside the distribution area of the tested carabid spe-
cies (hereafter, “seeds of exotic plant species”).

Rejection of seeds of exotic species may contribute to
their high invasive capacity by releasing them from seed
predation pressure imposed by herbivores in their area of
origin. This expectation is formulated and predicted by the
enemy-release hypothesis (Castells et al., 2013). However,
the contrary situation can also occur: seeds of exotic spe-
cies might be preferred because they are attractive and new
to local predators. Exotic seed species then will be pre-
ferred over local seed species. These rare cases, referred to
as “new association,” have been observed in pre-dispersal
seed predators (Cogni, 2010).
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In accordance with the enemy-release hypothesis, we
assumed that seeds of exotic species would be consumed
reluctantly, i.e., less than seeds of the rejected local Aster-
aceae species, C. biennis. Predation on these two species
truly reflects the range of acceptance of local seeds by car-
abid beetles. In contrast, if there was no difference in pref-
erence for local and exotic seed species, the consumption
of exotic species would fall within the range observed for
local seed species. That is, the exotic seed species would
be consumed less than the preferred 7. officinale and more
than the rejected C. biennis. This could occur if carabids do
not perceive a fundamental difference between the prop-
erties of local and exotic seed species. A third possibility
may also emerge in the experiments — that ground beetles
would consume exotic seed species more than preferred
local seed species. This case then would be a “new asso-
ciation” (sensu Cogni, 2010) between carabid preference
and seed qualities. We studied these predictions using two
abundant local seed-eating carabids, seeds of two abundant
local Asteraceae species — one preferred and one rejected —
and seeds from two exotic Asteraceae species.

MATERIAL AND METHODS
Carabids

We tested the seed preferences of two seed-eating species of
Carabidae (Coleoptera), Harpalus affinis (Schrank) and Pseu-
doophonus rufipes (DeGeer). Both species belong to the tribe
Harpalini and are eager seed consumers that prefer seeds as their
food. Although both carabid species prefer similar species of
seeds (Honek et al., 2003; Saska et al., 2019), P. rufipes has high-
er consumption, likely due to its larger body mass (dry mass 31.3
mg) than H. affinis (14.1 mg) (Jorgensen & Toft, 1997; Honek et
al., 2007). Both species are common in dry to moderately moist,
unshaded habitats such as fields, meadows, ruderals, and for-
est edges (Hurka, 1996). They live in lowland and submontane
regions (Hurka, 1996), avoiding alpine habitats (Obenberger,
1952). Pseudophonus rufipes is a good nocturnal flier (Honek &
Pulpan, 1983; Zhang et al., 1997; Sustek, 1999), whereas H. af-

finis rarely flies (Holliday & Hagley, 1978).

The beetles used in the experiments were collected from fields
surrounding the grounds of the Czech Agrifood Research Centre
(formerly Crop Research Institute) in Praha — Ruzyné (50.09°N,
14.30°E), Czech Republic. The carabids were collected using pit-
fall traps that were exposed in the field for 3 days. The captured
beetles were then stored for 3 days in 0.5 L plastic bottles filled
with moist filter paper at a temperature of 5-7°C. This storage
method prevented cannibalism and standardized hunger levels.

Seeds

Carabids were fed seeds from four herb species belonging to
the Asteraceae family, which are similar in shape, mass, and size.
The seeds were collected at the time of dispersal and stored in
dry conditions at room temperature until the experiment com-
menced. The thousand-seed mass was determined before the
experiment; seed dimensions were obtained from Bojnansky &
FargaSova (2007), and seed volume was calculated as that of a
rotational ellipsoid. The two local seed species, abundant at the
location where the experimental carabid beetles were sampled,
were Taraxacum officinale Weber in Wiggers (seeds collected
on 29.4.2008, seed mass = 0.599 mg, volume = 2.95 mm?) and
Crepis biennis (L.) (seeds collected on 14.5.2008, 0.798 mg, 2.20
mm?). Both species are common in meadows, lawns, ridges, and
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similar habitats (Kubat et al., 2002). Seeds of both species were
sampled in Praha — Ruzyné (50.08°N, 14.30°E, altitude 340 m
a.s.l.). The carabid specimens used in the experiments could have
prior exposure to these local species.

Exotic species, growing only in areas outside the territory
where the experimental carabids were sampled, included Adeno-
styles alliariae (Gouan) Kemer (seeds collected on 1.10.2008 in
La Berarde, France, 44.93°N, 6.30°E, altitude 1750 m a.s.l., seed
mass = 1.158 mg, volume = 3.00 mm?®) and Homogyne alpina
(L.) Cass. (seeds collected on 6.8.2008 near Leoben, Austria,
47.35°N, 15.21°E, altitude = 1350 m a.s.l., seed mass = 1.138
mg, volume = 3.00 mm?). Populations of both exotic herb spe-
cies nearest to the origin of the carabid populations are found in
subalpine and alpine areas, at a minimum of 80 km from where
the experimental carabids were collected (Slavik & Stpankova,
2004). Hence, the carabid specimens used in the experiment did
not have prior exposure to these exotic species, which precludes
them from having learned to eat these species.

Experimental design

Preference experiments were conducted in cylindrical plastic
arenas (9 cm in diameter, 7 cm deep) covered with a flat plastic
lid irregularly perforated with holes of 1 mm diameter (Fig. 1).
The arenas were filled to a depth of 1 cm with sieved soil that
contained no local seeds. The seeds were provided by thirty small
crown bottle cups, 2 cm in diameter and 0.5 cm deep, which were
filled with white plasticine (Jovi® Barcelona). The seeds were
gently pressed into the plasticine surface to ensure that their ac-
cess to the carabids was not affected.
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Fig. 1. Schematic representation of an arena in which seeds were
presented for predation. The illustration shows a plastic arena cov-
ered with a lid perforated with 1 mm diameter holes and filled to
a depth of 1 cm with sieved soil. A — crown bottle cups filled with
white plasticine, with seeds pressed into the surface of the plasti-
cine. B — a piece of moistened cotton.

The multi-choice experiment consisted of 20 replicates (20 are-
nas) for the species P. rufipes and 20 replicates (20 arenas) for
the species H. affinis, where each replicate represents one carabid
individual given a choice between the seeds of all four plant spe-
cies. The dual-choice experiments included six experiments, each
consisting of 20 replicates (arenas) containing two cups: one with
a local seed species and one with an exotic seed species. Each ex-
periment featured one of all six possible local x exotic seed com-
binations. The experiments were conducted at 25°C under natural
photoperiod conditions. The multi-choice experiment lasted four
days, from August 3 to August 7, 2009, and the dual-choice ex-
periments lasted four days, from August 31 to September 4, 2009.

The sex of the beetles was determined, and only males were
used in the experiments. This was because, in both species of car-
abids, females represented only 10% of the collected population.
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Using both sexes could influence seed consumption, and control-
ling for this effect would be difficult. One beetle was placed into
each arena, and the soil was moistened with 2 ml of tap water.
During the experiment, the beetles consumed no food except for
the experimental seeds. Water was provided on a piece of mois-
tened cotton. The number of seeds consumed was counted twice
daily, at 08:00 and 20:00 h. Cups with fewer than 15 seeds re-
maining were replaced with new cups containing 30 seeds, ensur-
ing continuous access to all seed species throughout the experi-
ment.

Statistical analysis

As in all experiments, a certain type of randomized complete
block design (where the arena was a block) was used. The data
were analyzed with methods that can handle correlated data aris-
ing from such a design (Zuur et al., 2009; Pekar & Brabec, 2018).
Specifically, we used generalized estimating equations (GEE)
from the geepack package (Yan & Fine, 2004) in the R environ-
ment (R Core Team, 2023). GEE is an extension of GLM for
correlated data, which uses a marginal approach in the model.
The response variables were counts of consumed seeds, so in all
analyses, we used Poisson errors with a logarithmic link func-
tion and an exchangeable (or compound symmetry) working cor-
relation structure. In the multiple-choice experiments, the linear
predictor included an interaction between the two carabid species
and the seed species as explanatory variables. In the two-choice
experiments, the linear predictor included only seed species. Post
hoc comparisons were performed based on treatment contrasts.

RESULTS

Multiple-choice experiment

The number of consumed seeds varied significantly be-
tween carabid species, with the larger P. rufipes (Fig. 1A)
consuming more seeds than the smaller H. affinis (Fig. 1B)
(GEE-p, 4% =60.2, P <0.0001). As expected, consumption
also varied by seed species, both in P. rufipes (GEE-p, ¥
=316, P=0.014) and H. affinis (GEE-p, % = 174.7, P <
0.001), being highest for the preferred local seed T offici-
nale and lowest for the rejected local species C. biennis.
The consumption of seeds of exotic species was intermedi-
ate.

For P. rufipes (Fig. 1A), the consumption of T. officinale
seeds was significantly greater than that of 4. alliariae
seeds (contrast, P <0.0001) and H. alpina seeds (contrast,
P <0.0001). The consumption of C. biennis seeds was sig-
nificantly lower (contrast, P < 0.0001) than that of 4. al-
liariae seeds, but it was not significantly lower (contrast, P
> (0.05) than that of H. alpina seeds.

For H. affinis (Fig. 1B), the consumption of T. officinale
seeds was significantly greater than that of 4. alliariae
seeds (contrast, P <0.0001) and H. alpina seeds (contrast,
P <0.0001). The consumption of C. biennis seeds was sig-
nificantly lower (contrast, P < 0.01) than that of H. alpina
seeds, but it was not significantly lower than that of 4. al-
liariae seeds (contrast, P > 0.05).

Both carabid species consumed the seeds in significantly
different frequencies (GEE-p, y* = 10.6, P=0.014).

Dual-choice experiments

In P. rufipes (Table 1), the consumption of seeds of the
preferred local species 7. officinale was significantly great-
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Fig. 2. Empirical number of seeds (+ SE) consumed in a multiple-
choice experiment by (A) Pseudoophonus rufipes and (B) Har-
palus affinis. Different letters above columns indicate significant
differences.

er than that of the rejected local species C. biennis (GEE-p,
31 =606, P <0.001), and the two exotic species 4. alliari-
ae (GEE-p, x21 =368, P<0.001) and H. alpina (GEE-p, ¥*
=250, P <0.001). The consumption of seeds of the rejected
local species C. biennis was significantly smaller than that
of both exotic species, 4. alliariae (GEE-p, %1 =445, P <
0.001) and H. alpina (GEE-p, ¢*1 = 140, P<0.001). Among
the exotic species, the consumption of seeds of 4. alliariae
was significantly higher than that of H. alpina (GEE-p, ¢*:
=20.9,P<0.001).

DISCUSSION

Geographical differences in seed species preferences can
significantly influence the consumption by pre-dispersal
predators. There are notable interspecific differences in
seed consumption when predators prefer local over exot-

Table 1. Dual-choice experiments with Pseudoophonus rufipes.
Each experiment (E) represents one of six possible pairwise com-
binations of seed species, with N denoting the number of replicates.
The seed species and the empirical average number of seeds (X) £
standard error (SE) consumed over 4 days are provided.

E N Seed species X+SE Seed species X+SE

1 20 T officinale  82.7+4.89 C. biennis 9.3+0.86
2 20 T officinale 91.1+£5.35 A. alliariae  23.6+1.97
3 20 T officinale  88.8+4.23 H. alpina 10.5+1.63
4 19 C. biennis 9.5+1.25 A. alliariae  95.8+5.08
5 20 C. biennis 8.9+1.64 H. alpina 46.2+5.65
6 20 A. alliariae 63.15+6.18 H. alpina  26.15+4.74
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ic species (Moreira et al., 2020; Sun et al., 2022). At the
intraspecific level, resistance to predation varies among
geographic populations of one plant species (Bogdziewicz
et al., 2019). The causes of differences in seed consump-
tion may be chemical (Hornoy et al., 2012; Moreira et al.,
2020) or morphological (Bogdziewicz et al., 2019) varia-
tions between geographic populations of seeds. Whether
preferences for seed species result from coevolution of
the carabid population and the local herb flora (i.e., innate
preferences) or from experience with the taste of suitable
food during ontogenetic development (i.e., learned prefer-
ences) requires further study.

The geographic origin of seeds also influences interspe-
cific differences in preference among post-dispersal seed
predators. Seeds of plant species introduced from exotic
areas are generally less protected from predation than those
from native species within the predator’s region, meaning
local seeds are eaten more than exotic seeds (Fenner & Lee,
2001; Castells et al., 2013). However, this general pattern
has not been confirmed in all cases (Blaney & Kotanen,
2001). In the present study, exotic seeds were consumed
less than preferred local seeds but more than rejected local
seeds. The difference in consumption between exotic seeds
and non-preferred local seeds was smaller than the differ-
ence between exotic and preferred local seeds. While ex-
otic seeds were not preferred, our results contradict the as-
sumption that seeds of exotic species are entirely protected
from predation.

Our findings are valuable because they compare the con-
sumption of local and exotic seeds within the same plant
family (Asteraceae), which are similar in shape and size.
This similarity likely reduced the influence of morphologi-
cal and taxonomic differences that could negatively affect
the palatability of exotic seeds.

The hypothesis that local seeds would be eaten more
than exotic seeds was not confirmed for the studied Aster-
aceae species. The intensity of consumption of exotic seeds
(A. alliariae and H. alpina) was within the range observed
for local species, and the enemy-release hypothesis (Wolfe,
2002) was not supported.

This negative result can be explained by two reasons.
First, there is a broad range of suitability for seed preda-
tion within local species. The local seeds included both
the highly preferred 7. officinale and the highly rejected C.
biennis. These represent extreme cases of preference and
avoidance in Carabidae (Saska et al., 2019). Consequently,
preferences for exotic seeds are likely to fall somewhere
between these extremes. Second, the weight, size, and
shape of local and exotic seeds did not differ significantly.
The mechanical properties and chemical composition of
the cotyledons probably differed little between local and
exotic species, not enough to be perceived by carabids and
thus not to induce a clear preference for local seeds.

For seeds of taxonomically related Asteraceae species
with similar shape and size, we did not observe an effect of
seed origin on the intensity of carabid predation, contrary
to what the “enemy-release hypothesis” would predict —
namely, a greater preference for seeds of native species
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(known to predators) than for seeds of exotic species (less
known). While predation intensity differed, preferences for
native and exotic seeds were not clearly distinguishable.
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