
C. R. Biologies 334 (2011) 50–60
Ethology / Éthologie
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A B S T R A C T

The size of the preexisting wood cavities used as nests by aculeate Hymenoptera is

expected to have consequences on fitness parameters such as offspring number and size.

We evaluated the consequences of using small and large (three-times more voluminous)

trap-nests by the solitary wasp, Euodynerus (Pareuodynerus) posticus (Herrich-Schaeffer).

Following life-history and sex allocation theories, a number of non-mutually exclusive

hypotheses were formulated: i.e. small nests either produce smaller or fewer offspring

and/or more males, the cheaper sex. Wasps built about 28% more, but shorter brood cells in

large nests, although their volume was still much higher in large nests. Adult males had

smaller body size in small nests, but female size did not differ between large and small

nests, possibly as an adaptive response against the future higher foraging costs of size-

reduced females. Sex-ratio was often biased towards males in small nests. Mortality did

not differ between large and small nests. We conclude that E. (P.) posticus females would

benefit from using larger nests, but that the sex-ratio would be probably overall

unbalanced if females would not use also smaller, male-oriented tunnels.

� 2010 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.
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1. Introduction

Many species of solitary bees and wasps (Hymenop-
tera: Apoidea and Vespoidea) nest in preexisting cavities
dug in wood by other animals [1–3]. Together with the
availability of adequate habitats and landscape character-
istics [3–7], the availability of suitable cavities for nest
construction, as those provided for example by wood-
boring beetles, is known to be a limiting factor for these
insects [8–10].

The optimal use of the nesting resource is thus crucial
for wood-nesting bees and wasps in order to increase
their fitness, and these species should behave in a way
that maximizes their fitness in poorer conditions. In fact,
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life-history theory predicts that resource availability
shapes life-history-traits and even drives the evolution
of organisms [11]. For example, theory predicts that
parents respond to resource limitation (including nesting
substrate) moving the sex-ratio towards the smallest, and
thus cheapest, sex, and it was reported in a number of trap-
nesting Hymenoptera species [1,12–19]. Another problem
faced by females that nest in small spaces is the trade-off
between size and number of offspring. Theory predicts that
parents should attempt to adjust offspring number rather
than size to maximize fitness per unit invested [20]; that is,
fewer but large individuals should be produced in poor
conditions, and this was also reported for Hymenoptera
when food resource was experimentally reduced [21], or
when females were exposed to naturally poor or variable
food availability [22,23]. However, because tunnels
in wood cannot be expanded, in the case of nesting
space limitations, adjusting the number of offspring and
lsevier Masson SAS. All rights reserved.
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favouring their size may be more difficult and, as a matter
of fact, many studies on trap-nesting Hymenoptera
reported both offspring size and number to be reduced
in small nests, contrasting partially with the general
hypothesis reported above [1,13–16,18,19]. In this last
situation, nesting females, producing smaller offspring,
may affect negatively the following adult generation, due
to the general positive correlation between size and
components of fitness in aculeate Hymenoptera (e.g.
fecundity: [24,25]; load-lifting capacity: [26,27]; intra-
specific contests: [28,29]).

Small nests may also suffer an additional higher risk of
brood mortality, as a number of studies on trap-nesting
Hymenoptera showed [14,30,31]. Nesting females could
balance this risk by providing more defensive structures to
the nests, such as a large vestibular cell (see definitions in
Materials and methods), which was shown, to some extent,
to reduce total mortality in some wood-nesting species
[32,33], although not the rate of parasitism by parasitoids
[32–35].

We carried out a study on the wood-nesting, solitary
wasp Euodynerus (Pareuodynerus) posticus (Herrich-
Schaeffer) (Vespidae: Eumeninae) to test these predictions,
offering the nest-searching females both large and small
tunnels in which to nest. Because many species of aculeate
Hymenoptera easily accept artificially prepared trap-nests
such as burrows drilled in wood blocks [1–3], these insects
are models to test hypotheses related to life-history,
optimal foraging and optimal allocation theories [15–17].
In particular, according to such theories, we hypothesized
that small nests produce smaller or fewer offspring and/or
more males, the cheaper sex. In addition, we evaluated
mortality rate in both types of nests. Despite the relation-
ships between nest size, productivity, offspring size and
sex-ratio were assessed for many bees and wasps (see
above), a detailed analysis of nest structure and its
relationship with components of the allocation behaviour
was conducted only for a few species of Euodynerus (only
three with an adequate sample size) [1,24]. We think that
new data on a further, biologically unknown, species such
as E. (P.) posticus may be of interest for future comparative
analyses on the behaviour of such insects.

2. Materials and methods

2.1. Study organisms

The vespid subfamily Eumeninae includes about 3000
species worldwide and about 200 in Europe [36,37].
Females are, with few exceptions [38,39], solitary insects
and make their nests with mud and clay or leaves, dig them
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Fig. 1. The typical structure of a trap-nesting eumenine nest. Brood cells (BC) are

provisioned intercalary cells (IC) typically are between two BCs. Each BC is sealed

mud (CP). Prior to the CP, a non-provisioned vestibular cell (VC) can be presen
in the soil, or readily use wood borings and other
preexisting tubular cavities [1,40,41]; mated females hunt
for either Lepidoptera or Coleoptera larvae (rarely for both
orders) to feed their offspring, which are reared one per cell
in the nest [1,12,41,42]. When the wasp has collected
enough food for one larva, it seals the brood cell and starts
to work on a new one [41,42]. Differently from most bees
and wasps, eumenine wasps lay the egg in the empty cell,
before the provisions are added [41].

In eumenine wood-nesting wasps, the basic structure of
the nest includes a number of brood cells (where eggs are
laid and brood provisioned, BC), separated by mud
partitions (MP); to the outermost of the nest, after
completing and sealing the last brood cell, a vestibular
cell (a cell not provisioned delimited by the mud partition
of the last brood cell and the nest entrance, VC) may be
present; nest is then closed with a mud partition at the
entrance hole called closing plug (CP); in addition, brood
cells may be separated by intercalary cells (non-provi-
sioned cells, shorter than the brood cells) [1] (Fig. 1).

The genus Euodynerus comprises 44 species in the
Paleartic Region, of which 12 belong to the subgenus
Pareuodynerus [43]. Most species of the genus occupy
preexisting cavities to nest, but soil-nesting was also
reported [44]; females provision the immature offspring
with Lepidoptera larvae [1,45,46]. Recent samplings
suggest that E. (P.) posticus, our study species, may prefer
as habitat the edge between inland grassland and forest,
trails inside the forest and grasslands, at least in an area
placed at about 150 km from our study site (see below)
[47].

2.2. Trap-nesting protocol and data collection

Trap-nests were placed in a natural reserve in Northern
Italy, named La Fagiana (Ticino Regional Park, Magenta,
Italy: 45826’15’’N – 8849’47’’E). The site is characterized by
a continental climate, with cold winters and hot summers.
Nests were placed under the roof of a Park building, at 2–
2.5 m above the soil.

A total of 196 trap-nests were grouped in four blocks of
50 units (one of 46 units) during early June of 2003. Trap-
nests were made using wood of Abies alba (according to
[1]). The wood sticks (2� 2 cm of square section and 10 cm
in length) were drilled with a longitudinal hole to provide a
suitable space where wasps could establish their nests.
Hole diameters were of two sizes: 6 mm (corresponding to
a tunnel length of 80 mm and a volume of 2.26 cm3) and
10 mm (corresponding to a tunnel length of 90 mm and a
volume of 7.06 cm3). Both nest-hole diameters provided
were considerably larger than the mean head width of
built and provisioned from the bottom (left) to the entrance (right). Non-

with a mud partition (MP), while the nest is sealed with a closing plug of

t. P: puparium, L: larva, E+p: egg + prey (here lepidopteran larvae).
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females (see below), so that females could comfortably
enter both types of holes. A total of 96 6-mm nests and 100
10-mm nests were placed. Within each block, equal
numbers of 6-mm nests and 10-mm nests were located
in a random position. At intervals of 2 weeks nest blocks
were checked in order to assess the number of generations
of the wasp.

All the trap-nests were collected in late September
2003, when the nesting period of the wasps was assumed,
given the limited data available in literature on the
phenology of eumenine wasps in the Mediterranean, to
be finished [48]. At removal, the trap-nest holes may be
either closed with mud (the sign of a completed nest) or
Table 1

Comparisons of different nest and wasp variables between small and large nest

Welch was used due to non-homogeneity of variance), U refers to Mann-Whitn

significant at P< 0.05.

Variable 6-mm tunnel 1

Head width (mm) (general) Mean = 2.67� 0.36, median = 2.64,

range = 1.90–3.56, n = 85

M

ra

Head width (mm) (females) Mean = 3.14� 0.21, median = 3.13,

range = 2.75–3.56, n = 21

M

ra

Head width (mm) (males) Mean = 2.51� 0.24, median = 2.53,

range = 1.90–2.99, n = 66

M

ra

Brood cell length (mm)

(general)

Mean = 17.03� 5.97, median = 16,

range = 5–59, n = 162

M

ra

Brood cell length (mm)

(females)

Mean = 20.25� 5.68, median = 18.5,

range = 13–35, n = 16

M

ra

Brood cell length (mm)

(males)

Mean = 17.62� 6.95, median = 17,

range = 6–59, n = 58

M

ra

Brood cell volume (mm3)

(general)

Mean = 481� 168, median = 452,

range = 141–1667, n = 162

M

ra

Brood cell volume (mm3)

(females)

Mean = 572� 155, median = 522,

range = 367–989, n = 16

M

ra

Brood cell volume (mm3)

(males)

Mean = 497� 194, median = 480,

range = 169–1667, n = 58

M

ra

Vestibular cell length (mm) Mean = 20.35� 9.32, median = 19.5,

range = 4–39, n = 14

M

ra

Intercalary cell (mm) Mean = 2.5� 0.94, median = 2.5,

range = 1–4, n = 14

M

ra

Cell partition (mm) Mean = 1.21� 0.36, median = 1,

range = 1–2, n = 24

M

ra

Closing plug (mm) Mean = 3� 1.08, median = 3,

range = 1–5, n = 13

M

ra

% of nests including the

vestibular cell

58.3%, n = 24 4

Number of brood cells

per nest

Mean = 3.33� 1.20, median = 3,

range = 1–6, n = 24

M

ra

Number of intercalary

cells per nest

0.45� 0.77, median = 0,

range = 0–2, n = 24

M

ra

Sex-ratio per nest Mean = 0.71� 0.41, median = 1,

range = 0–1, n = 24

M

ra

% of nests with sex-ratio = 0 20.8%, n = 24 5

% of nests with sex-ratio = 1 62.5%, n = 24 1

Mortality per nest (%) Mean = 0.43� 0.34, median = 0.5,

range = 0–1, n = 24

M

ra
open (the sign of an unused hole or an incomplete nest). A
wasp would heavily risk leaving the nest open and
abandoning it with provisions or larvae inside. Moreover,
it is impossible (in absence of a closing plug) to determine
if the nest was not completed because of an alternative
wasp strategy (unlikely for the reason above) or because,
e.g., it died during provisioning. Thus, we defined as
completed nests only those that presented a closing plug
(and thus independently from how much space was used
by the wasps for, e.g. provisioning).

All nests were covered with net or adhesive tape, to
avoid escapes from each trap, and they were then brought
at the laboratory and located in a room at 15–20 8C
s colonized by E. (P.) posticus. t value refers to Student’s t-test (* if Aspin-

ey test and G refers to the likelihood-ratio G-test. Statistics are in bold if

0-mm tunnel Statistics

ean = 3.02� 0.33, median = 3.11,

nge = 2.23–3.66, n = 112

t =�6.84, df = 195, P< 0.001

ean = 3.22� 0.16, median = 3.24,

nge = 2.79–3.65, n = 68

t =�1.90, df = 87, P = 0.059

ean = 2.68� 0.26, median = 2.74,

nge = 2.23–3.66, n = 43

t =�3.31, df = 107, P = 0.0012

ean = 11.38� 3.88, median = 11,

nge = 5–38, n = 243

*t = 10.63, df = 250.9, P< 0.001

ean = 14.11� 7.81, median = 12,

nge = 8–50, n = 54

*t = 3.45, df = 33.50, P = 0.0015

ean = 13.15� 5.45, median = 12,

nge = 6–23, n = 26

*t = 3.17, df = 60.64, P = 0.002

ean = 893� 303, median = 863,

nge = 392–2983, n = 243

t =�17.44, df = 392, P< 0.0001

ean = 1107� 607, median = 942,

nge = 628–3925, n = 54

t =�5.78, df = 68, P< 0.0001

ean = 1032� 419, median = 942,

nge = 471–1805, n = 26

*t =�6.08, df = 30, P< 0.0001

ean = 22.68� 10.00, median = 20,

nge = 11–50, n = 19

t =�0.67, df = 31, P = 0.50

ean = 3.15� 0.74, median = 3,

nge = 2–4, n = 20

t =�2.24, df = 32, P = 0.032

ean = 1.29� 0.65, median = 1,

nge = 1–4, n = 25

U = 311.5, P = 0.79

ean = 3.47� 2.41, median = 3,

nge = 1–10, n = 19

*t =�0.75, df = 26.66, P = 0.45

4%, n = 25 G = 0.48, P = 0.51

ean = 4.66� 1.20, median = 5,

nge = 3–7, n = 25

U = 136, P< 0.001

ean = 0.92� 0.90, median = 1,

nge = 0–3, n = 25

U = 211, P = 0.055

ean = 0.30� 0.38, median = 0,

nge = 0–1, n = 25

U = 451, P = 0.001

6%, n = 25 G = 5.04, P = 0.03

6%, n = 25 G = 9.43, P = 0.002

ean = 0.57� 0.30, median = 0.5,

nge = 0–1, n = 25

U = 236, P = 0.20
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throughout the winter. Between late April and May 2004,
they were then opened carefully by sawing along the
longitudinal side.

For each nest, the following data were recorded: (1)
number of brood cells, (2) number of intercalary cells, (3)
length of brood cells, (4) length of intercalary cells, (5)
length of vestibular cell, (6) thickness of mud partitions,
and (7) thickness of closing plug. All measurements were
taken with a digital caliper to the nearest 0.02 mm. We also
calculated the brood cell volume approximating cells as
cylinders (volume = p*(nest diameter/2)2*cell length).

Contents of the cells were collected and preserved in
70% ethanol for determination of species and sex and for
measurement of the head width of the adult individuals
(with a digital calliper to the nearest 0.02 mm). With these
data, we obtained: (1) the nest mortality, defined as the
number of dead brood cells (number of brood cells
including parasites, dry prey or wasp remains) divided
by the total number of brood cells, and (2) sex-ratio,
defined as: [number of males/(number of males + fe-
males)]. The brood cells were differentiated from the
intercalary cells by their length and contents. If a cell was
shorter than the minimum value recorded for brood cells
and it did not include any sign of prey or wasp remains, it
was considered as an intercalary cell [1].

Because not all the used nests were found to be
completed (i.e. having a closing plug) at the moment of
removal from field, the pool of data used differed
depending on the analysis. Number of brood cells, number
of intercalary cells, length of the vestibular cell, thickness
of the closing plug, sex-ratio and mortality were assessed
only for completed nests (n = 24 for 6-mm nest and 25 for
10-mm nests), while length of brood cells and intercalary
cells and thickness of mud partitions entered in some
analyses including also non-completed nests (e.g. head
width vs. brood cell length) (n = 14–162 for 6-mm nests
and 19–243 for 10-mm nests, depending on the sample,
e.g. individuals emerged or cells measured). Thus, the
sample size changes with some analyses due to the fact
that: (1) we used only completed nests for some
calculations (as explained above), (2) the number of males
and females emerged from the nests were different
between the two kinds of nests, (3) the vestibular cell
(VC) was not present in all the analysed nests, (4) the
intercalary cells (IC) were not present in all nests. In
addition, 17 CP were accidentally destroyed while opening
the nest and could not be measured. The sample size is
specified for each analysis in the Table 1.

2.3. Statistical analysis

Nest parameters and wasp head widths were normally
distributed (one-sample Kolgomorov-Smirnov, P> 0.05 for
all variables), so we used parametric statistics. Means of
lengths, thicknesses and head widths were compared with
the parametric unpaired Student’s t-test in case of
homogeneity of variance (F-test with P> 0.05); otherwise,
the Aspin-Welch test was used. The number of brood cells,
sex-ratio and mortality were not normally distributed, not
even after natural log-transformation (one-sample Kolgo-
morov-Smirnov, P< 0.05 for all variables), so we used non-
parametric statistics while analysing these data. Medians
of brood cells number and of intercalary cells number and
mortality per nest were compared with non-parametric
Mann-Whitney test. The likelihood-ratio G-test was used
to compare proportions. Pearson correlation test was used
to look for linear associations.

General linear models (linear regressions [one-way
ANOVA] or ANCOVA, depending on the presence of
qualitative explanatory variables) were performed to look
for significant effects of independent variables on the
dependent variables: number of brood cells, brood cell
length, offspring size, sex-ratio and mortality. Logistic
regressions were performed to look for significant effects
of independent variables on the binary responses: (1) dead
cell/alive cell, or (2) male cell/female cell. In text and
tables, mean values are reported with their standard
deviations.

All the statistics were performed with XLSTAT 2008
(Addinsoft, New York, USA).

3. Results

Out of 196 trap-nests, 158 were used by solitary wasps.
From these nests emerged species of Ancistrocerus,
Allodynerus, Symmorphus, Euodynerus (Eumeninae), Psenu-

lus and Trypoxylon (Crabronidae) (Polidori et al. unpub-
lished data). One hundred and ten nests were used by E. (P.)

posticus, 54 of 6 mm and 56 of 10 mm in diameter. Out of
these, 49 (24 of 6 mm and 25 of 10 mm in diameter)
presented a closing plug at the entrance (i.e. they were
complete nests) at the moment of collecting them from
field. Nests which presented a closing plug during the field
checks still had it in September, so that we assumed that
wasps had one generation in the study year.

3.1. Nest structure and productivity

Nests were invariably composed of a series of linear
brood cells divided by mud partitions (convex internally
and concave externally), while intercalary cells and
vestibular cell were either present or absent. Thirty-four
complete nests had at least one IC, while 33 had a VC. On
the whole, 23 complete nests had all the described
structures present (Fig. 1).

Brood cells were, on average, shorter in 10-mm nests
both on the whole (11.38� 3.88 mm vs. 17.03� 5.97 mm)
(Fig. 2a) and considering separately brood cells from which
emerged males and females (Table 1). However, mean brood
cell volume was larger in 10-mm nests (893� 303 mm3 vs.
481� 168 mm3) (Table 1 and Fig. 2b). This is accompanied by
the fact that 6-mm nests contained fewer brood cells
(median = 3) than 10-mm nests (median = 5) (Table 1). When
different nest variables are included in a single general linear
model (n = 49 nests) (R2 = 0.59, df = 42; ANCOVA: F = 10.03,
df = 6, P< 0.0001), the number of BC changed significantly
with nest diameter (F = 24.28, P< 0.0001; more BC in 10-mm
nests) (Fig. 3), while it decreased significantly with BC length
(F = 13.25, P = 0.001) and marginally with the number of IC
(F = 4.71, P = 0.036); the presence of the VC had also a
negative effect on the number of BC (F = 17.94, P< 0.001).
Mean BC volume (F = 0.02, P = 0.89) and mean MP thickness
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Fig. 2. Relative frequency distribution of brood cell lengths (a, c) and brood cell volumes (b, d) in 10-mm diameter (a, b) and 6-mm diameter (c, d) nests of

E. (P.) posticus.
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(F = 0.001, P = 0.98) had no effect on the number of BC. Using a
subset of data (23 nests) to allow the inclusion of further
variables (CP thickness, VC length, mean IC length) in a new
model (R2 = 0.75, df = 14; ANOVA: F = 5.38, df = 8, P = 0.003),
no additional factors significantly affected the number of
brood cells; moreover, the number of intercalary cells lost
significance.

The length of intercalary cells was greater in 10-mm
nests (3.15� 0.74 mm vs. 2.5� 0.94 mm), but no differences
appeared in the length of the vestibular cell (6-mm nests:
20.35� 9.32 mm, 10-mm nests: 22.68� 10.00 mm) (Table
1). Also, vestibular cells were not more often constructed in
10-mm nests, and the number of intercalary cells did not
change with the type of nest (Table 1). Cell partitions and
closing plug were not thicker in 10-mm nests (MP: 6-mm
nests: 1.21� 0.36 mm, 10-mm nests: 1.29� 0.65 mm; CP: 6-
[()TD$FIG]

2

3

9

6

5

1

5

8

1

3

6

0

1

2

3

4

5

6

7

8

4 6 8 10 12

tunnel diameter (mm)

nu
m

be
r 

of
 b

ro
od

 c
el

ls

Fig. 3. Relationship between tunnel diameter and number of brood cells

in the nests of E. (P.) posticus. Size of circles relates to the number of

observations for any given (x, y) point (shown on the left of circles).
mm nests: 3� 1.08 mm, 10-mm nests: 3.47� 2.41 mm)
(Table 1).

Finally, brood cell length did not increase or decrease
with its position inside the nest (R2 = 0.019, df = 203,
P = 0.052), although the mud partitions (closing plug not
included since it was always the thickest mud wall) get
thicker as they get closer to the entrance (R2 = 0.036,
df = 203, P = 0.006), although the low value of R2 shows that
only a small part of the variance is explained by the linear
model.

3.2. Body size of adult offspring

Euodynerus (P.) posticus is sexually dimorphic: males
were smaller than females in both the 6-mm nests (head
width: 2.51� 0.24 mm vs. 3.14� 0.21 mm; Student’s t-test:
t =�10.40, df = 85, P< 0.0001) and in the 10-mm nests
(2.68� 0.26 mm vs. 3.22� 0.16 mm; Student’s t-test:
t =�12.15, df = 62, P< 0.0001).

Individuals (males + females) which emerged from 6-
mm nests were smaller than those which emerged from
10-mm nests (Table 1); however, the variation in male size
is the responsible for such overall difference, because
female size did not differ between the two types of nests
(Table 1). Head width varies primarily with the sex of the
individuals (R2 = 0.65, df = 66; ANCOVA: F = 10.50, df = 10,
P< 0.0001; F = 40.12, P< 0.0001) (smaller head width for
males). BC length (F = 0.081, P = 0.77), BC volume (F = 0.094,
P = 0.76), nest diameter (F = 0.58, P = 0.45) and position of
the BC in the nest (F = 0.12, P = 0.99) did not have any effect
on head width. Removing the sex variable from the model,
however, a positive effect of nest diameter on head width
appeared (F = 30.22, P< 0.0001), while the other factors
were still non-significant (BC length: F = 2.35, P = 0.13; BC
volume: F = 0.22, P = 0.63; position of the BC in the nest:
F = 0.24, P = 0.95). In addition, head width (males + fe-
males) correlated positively with BC volume (Pearson
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lines refer to females, long-dashed trend lines refer to males, and continuous trend lines refer to all wasps. Bold trend line for all wasps in (b) refers to the

only significant linear correlation.
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correlation test: r = 0.58, n = 66, P< 0.0001) (Fig. 4a) but it
did not correlate with BC length (Fig. 4b) (Pearson
correlation test: r =�0.14, n = 66, P = 0.25). These correla-
tions no longer are significant when considering the two
sexes separately (males, BC length: r =�0.33, n = 36,
P = 0.05; males, BC volume: r = 0.20, n = 36, P = 0.24;
females, BC length: r =�0.06, n = 30, P = 0.75; females, BC
volume: r = 0.12, n = 30, P = 0.54) (Fig. 4a,b).

Finally, when considering separately the two sexes, one
notes that both female and male size did not change from
innermost to outermost brood cells (females: R2 = 0.010,
df = 28; P = 0.6; males: R2 = 0.017, df = 34; P = 0.43).

3.3. Sex-ratio of offspring

Sex-ratio was significantly male-biased in 6-mm nests
(median = 1, x2 = 17.6, df = 1, P< 0.0001) and significantly
female-biased in 10-mm nests (median = 0, x2 = 16.0,
df = 1, P< 0.0001) (Table 1). Moreover, a significantly
higher proportion of nests with sex-ratio of 0 (all females)
was found in 10-mm nests, while nests with sex-ratio
of 1 (all males) were more often found in 6-mm nests
(Table 1). A binary logistic regression (R2 = 0.45, df = 62;
Wald = 15.37, df = 4, P = 0.003) showed that the probability
for a brood cell to include a male or a female wasp depends
on different variables. Females were more likely to emerge
from 10-mm nests (x2 = 5.74, P = 0.017) (Fig. 5a), from
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Active

Model

a
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Fig. 5. Effect of tunnel diameter (a) and brood cell volume (b) on the probabilit

binary logistic models.
longer (x2 = 5.10, P = 0.024) and larger (x2 = 18.78,
P< 0.0001) brood cells (Fig. 5b), and marginally from
innermost cells (x2 = 3.98, P = 0.046). The situation was
obviously opposite for associations with male emergences.

3.4. Offspring mortality

Mortality was caused by moulding/fungi or other
unknown factors. In fact, the only parasitoid found,
Pseudoxenus sp. (Strepsiptera), which generally does not
kill the host, was clearly visible while protruding from two
females of two 10-mm diameter nests.

Mortality per nest was not higher in 10-mm nests or in
6-mm nests (median = 0.5 for both kinds of nest) (Table 1),
and the probability of a brood cell to be a cell where the
individual died did not fit with a binary logistic regression
considering as explanatory variables the nest diameter,
brood cell length, brood cell volume, cell partition
thickness and cell position (R2 = 0.03, df = 204; Wald = 7.72,
df = 5, P = 0.075). Also, mortality per nest did not fit with a
general linear model considering as explanatory variables
the nest diameter, brood cell length, brood cell volume,
number of brood cells, cell partition thickness, and number
of intercalary cells (R2 = 0.24, df = 42; ANCOVA: F = 2.38,
df = 6, P = 0.06).

Mortality did not differ between nests including a
vestibular cell and those without a vestibular cell (Mann-
200 700 1200

BC volume (mm3)

b
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Whitney test: U = 303, n1 = 32, n2 = 17, P = 0.52), but a
marginal negative correlation was found between mortal-
ity per nest and length of the vestibular cell (Pearson
correlation test: r =�0.42, n = 23, P = 0.047).

4. Discussion

The availability and size of the holes used by wood-
nesting wasps and bees vary in time and space in the
complex environment where they live [8,10,49]. Here we
showed that the use of small or large nests affects wasp
allocation behaviour and fitness. We will discuss below our
results in relation to what has been observed in other
species of solitary bees and wasps.

4.1. The ‘‘small nest syndrome’’ I: reduced productivity

Brood cells in the nests of E. (P.) posticus were shorter in
10-mm nests both on the whole and considering separate-
ly brood cells from which emerged males and females. This
seems to be a widespread pattern in the genus Euodynerus.
For example, the data reported on seven out of eight
species of this genus by Krombein [1] show the same
pattern that we observed in the nests of E. (P.) posticus

(Table 2), although for some species the trend can only be
suggested given the small sample size. For Eudoynerus

megaera (Lepeletier), more recent observations [50]
confirm the Krombein’s limited data. Such inverse
Table 2

Data from Krombein [1] showing mean values for a number of nest variables o

Number of brood (BC) and

intercalary (IC) cells

F

v

Species 4.8 mm 6.4 mm 12.7 mm 4

E. foraminatus foraminatus (Saussure) BC: 5.4 BC: 5.5 - L

IC: 1.7 IC: 2.3 V

n = 10 n = 11 n

E. foraminatus apopkensis (Robertson) BC: 8.1 BC: 7.6 - L

IC: - IC: - V

n = 97 n = 104 n

E. megaera (Lepeletier) BC: 4.1 BC: 6.3 BC: 9.4 L

IC: 0.2 IC: 0.5 IC: 0 V

n = 9 n = 24 n = 5 n

E. schwarzi (Krombein) BC: 5 BC: 5 BC: 6.5 L

IC: 0 IC: 2 IC: 0 V

n = 3 n = 5 n = 2 n

E. hidalgo boreoorientalis (Bequaert) BC: 5 BC: 8 - L

IC: 1 IC: 0.5 V

n = 3 n = 4 n

E. pratensis pratensis (Saussure) - BC: 4.4 BC: 4.5 -

IC: 1.6 IC: 3.0

n = 5 n = 2

E. guerrero (Saussure) BC: 3 BC: 4 - -

IC: 2 IC: 2

n = 1 n = 6

E. molestus molestus (Saussure) BC: 3 BC: 5 - L

IC: 0 IC: 0 V

n = 2 n = 5 n

BC volumes were calculated by using the provided BC length and nest diameter

lengths so that volumes are not followed by sample size). Nests analysed had
relationship between nest diameter and cell length was
found also in many other vespid and apoid wasps
[33,50,51]. Despite such cell length-nest diameter rela-
tionship, cell volume is found to be larger in wider-
diameter nests [51]. Thus, also for E. (P.) posticus, it is
possible to reject the assumption that a wasp female
simply closes a brood cell after filling it with an
appropriate amount of provision. In fact, such an assump-
tion implies that the volume of a cell is more or less
constant due to the species- and sex-specific amount of
provision in the cell, and thus little affected by the nest
diameter; on the contrary, cell volume positively correlat-
ed with the diameter of the nesting cavity [51]. Cowan
[24], who studied the allocation patterns of Euodynerus

foraminatus (Saussure) through weighing the brood
provisions rather than measuring cell size, reported that
prey weight per nest increased with nest diameter, and
that greater amounts of food produced larger individuals.
Given our results on the relationship between brood cells
volume and nest diameter and between this and offspring
size, we suggest that also E. (P.) posticus may allocate more
food in larger nests.

The positive effect of tunnel length on the number of
brood cells, found in E. (P.) posticus, seems to be
widespread in trap-nesting Hymenoptera [1,14,16,52]
(although in the bee Osmia cornuta Latreille the number
of brood cells seem to be maximized in medium-length
nests [8 mm vs. 7 and 9 mm] [53]). This pattern evidently
bserved in eight species of Euodynerus.

emale BC length (L, mm) and

olume (V, mm3)

Male BC length (L, mm) and

volume (V, mm3)

.8 mm 6.4 mm 12.7 mm 4.8 mm 6.4 mm 12.7 mm

: 22 L: 20 - L: 16 L: 13 -

: 398 V: 643.2 V: 289.5 V: 418.1

= 10 n = 24 n = 52 n = 29

: 20.3 L: 17.5 - L: 15.3 L: 13.4 -

: 367.2 V: 562.8 V: 276.8 V: 431

= 53 n = 418 n = 772 n = 308

: 34 L: 23 L: 13 L: 25 L: 17 L: 10

: 615.1 V: 739.7 V: 1646.4 V: 452.3 V: 546.7 V: 1266.5

= 3 n = 103 n = 38 n = 38 n = 51 n = 7

: 23 L: 28 L: 14 L: 18 L: 17 -

: 416.1 V: 900.5 V: 1773.1 V: 325.6 V: 546.7

= 4 n = 23 n = 11 n = 10 n = 17

: 18 L: 16 - L: 21 L: 13 -

: 325.6 V: 514.6 V: 379.9 V: 418.1

= 11 n = 9 n = 4 n = 15

L: 22 L: 16 - L: 21 L: 11

V: 707.6 V: 2026.4 V: 675.4 V: 1393.2

n = 6 n = 2 n = 6 n = 5

L: 26 - L: 31 L: 20 -

V: 836.2 V: 560.8 V: 643.2

n = 9 n = 2 n = 10

: 34 L: 25 - L: 31 L: 17 -

: 615.1 V: 804 V: 560.8 V: 546.7

= 2 n = 22 n = 6 n = 7

data, approximating the cells to cylinders (calculations come from mean

one of three-hole diameter: 4.8 mm, 6.4 mm, 12.7 mm.
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causes a reduction in offspring productivity for females
using small nests, and considering that in E. (P.) posticus

mortality did not change between large and small nests,
this also means a reduction in fitness for such females. A
reduction of number of brood cells in smaller nests was
found in few other Euodynerus species (in E. megaera [1], in
the E. foraminatus population studied by Cowan [24], and
maybe, as suggested by few data, in two other species
(Table 2)). In contrast, the number of intercalary cells did
not increase with nest diameter in E. (P.) posticus and
probably, with the possible exclusion of Euodynerus

foraminatus foraminatus (Saussure), in any other studied
species of the genus (Table 2). Perhaps, such kind of cells –
not provisioned and apparently not affecting the rate of
parasitism – were not preferred by the wasps in case of a
large nesting space, which would be preferentially filled
with additional brood cells.

Our findings contrast with those predicted by the
hypothesis of Smith and Fretwell [20], which postulated
that parents should attempt to adjust offspring number
rather than size to maximize fitness per unit invested. That
is, parents should invest no more than that required to
obtain the highest fitness reward per unit investment even
if a given offspring does not secure the maximal fitness
possible. This hypothesis is not supported by our data on
E. (P.) posticus, which seems to prefer to invest in both less
and smaller (males) or similar-size (females) offspring in
smaller nests (see below).

4.2. The ‘‘small nest syndrome’’ II: reduced body size

Differences in body size can be observed among
individuals of the same sex, as a consequence of the
allocation, by nesting females, of different provisioning
strategies [42,54–56].

Despite brood cell length being greater in small nests of
E. (P.) posticus, brood cell volume was still higher in large
nests. This result is similar to those found in other species
of Euodynerus (at least in those with reliable sample size,
and suggested for most of the others, Table 2). Wasps
probably faced a reduction of space building longer cells,
and this seemed to secure enough cell volume to maintain
the offspring size equal in females. This last result is of
particular interest, because it could mean that nesting
females tried to invest more in females (proportionally to
males) in small nests. In Hymenoptera, females are the
most expensive individuals to produce: they are generally
larger than males and need to be fed with a greater amount
of food [24,57–60]; in addition, their size greatly affects
their future fitness, given that size limits the foraging
distance and the amount of food that can be carried to the
nest, during a period of parental care in which males have
little, if none, role [26,27,61,62].

Cowan [24] found that females of E. foraminatus fed
with more food were larger, produced more offspring, and
lived longer than those fed with lower prey mass.
Moreover, the food amount being equal, a female will be
larger than a male (i.e. females gain more weight per unit
of food than males).

Thus, females of E. (P.) posticus may adaptively raise
proportionally larger females, relative to males, in smaller
nests to minimize the risk associated with a reduction of
their size. As far as we know this is the first report of a
possibly adaptive behaviour favouring greater female size
in poorer nesting conditions. On the other side, from a
mother’s point of view, investing in large males would be
adaptive if they perform some activity of brood care whose
performance depends on size. For example, in two species
of the genus Trypoxylon there were no significant
differences between the weights among males emerging
from different diameter trap-nests, while differences were
observed among females, which were smaller if emerging
from smaller trap-nests [15,63]. Unlike most solitary
aculeates, males of some Trypoxylon spp. usually guard
the nest while it is being provisioned by the female,
chasing away ants and parasitoids [54,64]. Thus, Trypox-

ylon females may invest proportionally more in males in
small nests to secure their success as guards. Despite this
comparison should be taken with caution, because in many
Trypoxylon males are often produced in the first cells
provisioned [1], a similar situation was also found for the
bee Megachile apicalis Spinola, which lay fertilized eggs
(females) first. In this case, adult daughters produced
under low resource level were smaller, but there was no
significant difference for adult sons [65]. On the contrary,
male territoriality, a behaviour which has no evident
advantage for female fitness, would not promote higher
investment in male size. For example, in E. foraminatus size
of both sexes increased with nest diameter [24]. In this
species, larger males establish territories in proximity of
the nest entrance and mate more often than non-territorial
males. For a female, to mate with a resident or a non-
resident male does not affect fitness; for example it does
not affect offspring size because this depends on provision
mass and not on the genetic contribution of the father [24].

4.3. The ‘‘small nest syndrome’’ III: investment in the

cheaper sex

Trivers and Willard [66] suggested that individual
females could be selected according to their reproductive
condition to bias the sex-ratio of their own offspring. A 1:1
equilibrium sex-ratio is expected only when sons and
daughters cost the same to produce [66], which, however,
is not the general case in Hymenoptera (see above). Both
Boomsma [67] and Helms [68] showed that in hymenop-
terans a biased population-level sex allocation occurs if
individuals adjust the sex-ratio of their offspring in
response to resource availability (male-biased ratio when
resources are scarce) [57,69,70]. For example, in the
solitary bee Osmia rufa (L.), during the nesting period,
the sex-ratio of progeny shifted from a female bias toward
a male bias, and the shift was correlated with the declining
provisioning efficiency of female bees [57]. Experimentally
reduced food availability produces the same effect in the
honeybee-hunting wasp Philanthus triangulum Fabricius
[21] and in the bee M. apicalis [65].

Thus, if the offered nesting cavities are larger or smaller
than those usually available in nature, a bias towards a
greater production of one of the sexes could arise, as long
as there is sexual dimorphism as regards size [66], as
occurs in E. (P.) posticus.
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Our results support this hypothesis. In fact, in E. (P.)

posticus the sex-ratio was male-biased in small nests and
female-biased in large nests. A similar effect of tunnel
diameter on sex-ratio was found in other cavity-nesting
wasps [1,71], including few other Euodynerus spp. [1,24],
although absence of relationships are known [72,73].

An opposite situation from what we found was
observed at least in one megachilid bee (Megachile pugnata

Say), in which the proportion of females increased with
decreasing the tunnel length of the trap-nests [74], but this
trend does not seem widespread in wood-nesting acule-
ates.

We also found that females of E. (P.) positicus are more
likely to allocate a male offspring in the outermost cells
and female offspring in the innermost cells. This mecha-
nism was already reported in other cavity-nesting wasps
and bees, including other species of Euodynerus

[1,24,71,75–77]; but see exceptions in some Trypoxylon

spp.: [1,14,64,78], and it is believed to represent an
adaptation to proterandry (males emerging before females
in the season) or, alternatively, a response to the behaviour
of the parasitoids, which invading the nests entrance and
attacking the outermost cells would kill most probably the
cheaper sex (males) (Pérez-Maluf, quoted in [14]).

4.4. Mortality: nest size does not matter

Nest mortality in trap-nesting wasps and bees was
observed to extremely vary among species and among
generations of a single species, and to be due to insect
parasitoids and other causes, such as fungal infestation
and/or mould [1,12]. In our study, parasitoids had probably
no impact on the observed population: strepsipterans of
the genus Pseudoxenos were found in two individuals, but
these organisms normally do not kill the host [1]; such
parasites were recorded in association with few other
species of Euodynerus [1]. In contrast, cuckoo wasps of the
genus Chrysis were often reared from Euodynerus nests
(seven out of eight species in [1]) but were not found in this
study. Instead, much of the mortality was due to fungi or
unknown factor, and this kind of mortality seemed to be
not related to nest characteristics, including nest diameter,
cells number and morphology, and mud partitions.

In other species the size of the trap-nests seems to
explain an important proportion of the mortality variance.
In Trypoxylon lactitarse Saussure, mortality rates, at least in
some years, were higher in smaller nests [30]. Also in
Trypoxylon agamennon Richards and in the bee Megachile

(Chrysosarus) pseudanthidioides Moure the mortality was
higher in small nests [14,31].

It has been proposed that vestibular cell might have
arisen as an adaptation to reduce the access of natural
enemies into the nest [64,78,79]. However, studies do not
support this hypothesis, when considering mortality due
to parasitoids [32,34,35]. However, Ası́s et al. [33] and
Seidelmann [32] did see a reduction in the mortality rate
due to failed egg eclosion and fungi attack in early stages in
the nests with a vestibular cell, which suggests the role of
these structures as a buffer. This contrasts only partially
with our result. In fact, if on one hand the presence of a
vestibular cell had no effect on mortality, a marginally
negative correlation was found between mortality per nest
and length of the vestibular cell. In addition, we found that
the length of intercalary cells was greater in 10-mm nests,
although this could be just a product of the general longer
tunnel available to nest in this kind of traps.

Another factor commonly associated with risk of
mortality is the position of the brood cell in the nest,
although a general pattern is not visible. For example, in
the bee Centris (Hemisiella) tarsata Smith and in the wasp
T. attenuatum the innermost cells were the most attacked
by parasitoids [33,80], but in the bee O. rufa and in the
wasp Trypoxylon beaumonti Antropov the risk of cell
parasitism decreased from near the nest entrance to the
bottom of the nest [57,75]. Concerning mortality due to
causes different from parasitoidism, this was significantly
lower in the innermost cells of T. attenuatum nests [33]. In
contrast, although the recorded trend for E. (P.) posticus

was only close to significance, it seems that for this species
mortality decreases towards outermost cells. More data
are necessary to confirm this possibility.

5. Conclusions

E. (P.) posticus has an evident adaptive nesting
behaviour. In fact, females: (1) built shorter brood cells
in wider nesting cavities, (2) produced smaller males, but
not smaller females, in smaller nests, (3) produced more
males in smaller nests. All these findings are consistent
with an optimization of the available nesting space, and
possibly this optimization helps nesting females to
maximize their fitness in small nests, which, however, is
still reduced. On the other side, using both small and large
nests would maintain the overall sex-ratio weakly unbal-
anced, given the nest size-dependent sex-ratio. In addition,
mortality seems to weakly depend on nest parameters, so
that probably small nests have not an additional higher
risk that may negatively affect fitness, relative to large
nests. Nevertheless, the patterns found for E. (P.) posticus,
when compared to what observed in other species, confirm
how variable could be the adaptations of such insects to
the environmental conditions where they live.
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