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Abstract

The digger wasp Pemphredon lethifer nests in pithy twigs. As the species preys exclusively on aphids, it could
be a useful biocontrol agent. However, little is known about the wasps’ nesting preferences and their impact
on relevant fitness parameters. One important factor in this regard is the optimal pith diameter. We offered
twigs of four different pith diameter ranges between 2.5 and 10.5 mm in field trials and under controlled lab
conditions to analyse choice and fitness parameters of the nesting females and their offspring.

Under field conditions, the number of nests increased with pith diameter, with significantly more nests
built in the largest diameter category. In the laboratory, most nests were built in the three largest categories
(> 4.5 t0 6.5; > 6.5 to 8.5; > 8.5 to 10.5 mm) compared to the smallest (> 2.5 to 4.5 mm). In the field,
pith diameter category influenced the sex ratio of offspring, resulting in more females in nests of category
> 6.5 to 8.5 mm. Other parameters, such as nest length or time period of nesting, influenced mortality,
parasitism and number of offspring.

In conclusion, to promote nesting of 2 lethifer, nest boxes should be equipped with pith diameters of
6.5 to 8.5 mm and tube length should be considered to reduce mortality. Efficacy of P lethifer is expected
to be the highest early in nesting season.
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Introduction

For nesting site choice of Aculeata, and accordingly for the design of suitable nest
boxes, the nest tube diameter is an important factor.

For cavity-nesting Aculeata the choice of diameter can have an effect on various
nesting parameters which, on the other hand, can affect reproductive success, like
number of offspring (e.g. Pinilla-Gallego et al. 2022) or sex ratio (e.g. O’Neill and
O’Neill 2003; Coville et al. 2015; Pinilla-Gallego et al. 2022). In principle, for most
solitary Aculeata, females seem to emerge more often from nests with a larger diameter
(e.g. O’Neill and O’Neill 2003; Coville et al. 2015; Pinilla-Gallego et al. 2022). Even
when small diameters are accepted for nesting, it is possible that only male offspring
emerge (e.g. Buschini and Woiski 2006; Coville et al. 2015). In addition, Aculeata off-
spring from larger diameters are often heavier (e.g. Rust 1998) and larger (e.g. Buschi-
ni and Woiski 2006; Coville et al. 2015) than offspring from smaller diameters. Larger
females, on the other hand, can be more successful hunters, for instance due to better
flight performance, as shown for the crabronid species Philanthus triangulum (Strohm
and Linsenmair 1997). Additionally, diameter can influence provisioning efficiency
itself. For example, bees collect more pollen and nectar per cell when nesting in tubes
with large diameters (Stephen and Oscood 1965). However, diameter preferences vary
between species (Staab et al. 2018; Qu et al. 2022; Torretta et al. 2023) and the largest
diameter is not necessarily always chosen (e.g. Budriené et al. 2004).

Compared to cavity-nesting species, pith-nesting species excavate their own nest
tunnels within twigs of a given diameter. Consequently, it remains unclear to what ex-
tent findings on the effect of diameter on fitness parameters in cavity-nesting Aculeata
apply to pith-nesting species. Nevertheless, far fewer studies have investigated diameter
preferences and their effects on fitness parameters in pith-nesting species.

One example of a pith-nesting species is the digger wasp Pemphredon lethifer Shuck-
ard, 1837 (Hymenoptera: Pemphredonidae). P lethifer is a solitary, holarctic species
(Blosch 2000), which prefers nesting in sunny sites (Danks 1971a). One to several
generations can appear, depending on region and climate (Janvier 1961; Danks 1971a).
Nests are often dug in cut stems of Rubus spp. (e.g. Borries 1897; Benno 1957; Danks
1971a), but also other plants are used (e.g. Goureau 1855; Benno 1958; Janvier 1961;
Danks 1971b; Mclntosh 1996) and seldom the full pith diameter is used. The nest
structure can be linear or branched (Oehlke 1970) and the cells of a nest are separated
by pith (Borries 1897; Janvier 1961). As females of 2 lethifer prey exclusively on aphids
to provision their nests, thus completely removing the aphids from the plant (Danks
1971b), R lethifer could furthermore be a new biocontrol agent for aphid control.

In field experiments with pithy twigs, Danks (1971a) observed that a greater pro-
portion of Aculeata used stems with a large pith diameter, which matches findings for
Exoneura bees (Coates et al. 2022). Also P lethifer were found to prefer a larger diam-
eter in the field (McIntosh 1996). However, the study focused primarily on the outer
diameter and not the pith diameter of twigs. In addition, the influence of different
pith diameters on various fitness parameters remains unknown and there are currently
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no studies under laboratory conditions excluding external factors such as inter- and
intraspecific competition or parasitism.

This knowledge, on the other hand, is also needed to design suitable nest boxes to
promote P lethifer and to allow its efficient rearing and use as biocontrol agent. A nest
box should i) be attractive for 2 lethifer for nesting and ii) support factors which lead to
optimized biocontrol efficacy. For this, a nest box should on one hand produce a high
number of offspring. On the other hand, as mainly the females function as biocontrol
agents by collecting aphids to supply their nests (Danks 1971b), a female focussed sex
ratio should be supported.

Taken together, studies on nesting preferences and their effect on fitness param-
eters are essential for a better understanding of pith-nesting wasps in general, their
promotion and for their use as biocontrol agents. Therefore, we carried out field trials
with trap nests and a laboratory choice experiment with single twigs in 2022 and 2023.
Answering the following questions was a main aim: i) What pith diameter does Pem-
phredon spp., in particular P lethifer, prefer in nature and under controlled conditions?
and ii) How does pith diameter affect number of offspring and sex ratio in P lethifer?

Materials and methods

Pith diameter preference in the field

To test the nesting probability of Pemphredon spp. and in particular P lethifer for four
different pith diameter categories (PD) (XS > 2.5 to 4.5 mm; S > 4.5 to 6.5 mm; M
> 6.5 to 8.5 mm; L > 8.5 to 10.5 mm), we carried out field trials with trap nests in
Braunschweig, Germany (52°15'57.4"N, 10°31'36.2"E (DMS)) and in the surround-
ing area at seven study sites in 2022 and 20 study sites in 2023. Study sites were least
300 m apart to prevent nesting of females in multiple sites due to observed flight
distances (Danks 1971a) and were chosen based on sun exposure and the presence of
Sambucus spp. and/or Rubus spp.

Trap nests used in the experiment consisted of 16 bundled twigs of Sambucus ni-
gra cut to 30 cm length with four twigs of each PD, randomly distributed within the
bundle. For each twig, we measured the pith diameter and the wood diameter (= total
diameter without pith) at one side, at the widest point to the nearest 0.01 mm, using
a vernier caliper. We sealed the other side of the twigs with polycactide filament using
a 3-D pen in order to avoid nesting.

We installed one trap nest per study site in mid-May (2022) and mid- March (2023).
We attached trap nests to aluminium holders at an angle of 30° and a height of 1 m. The
side not sealed of the twigs was always oriented east. In both years, we set the starting time
of the experiment by regularly checking all trap nests. As soon as potential Pemphredon
spp. nesting activity occurred, we started the experiment by removing the single trap nests
on that site and installing three new trap nests instead. The starting dates at the different
sites ranged from 25 May to 15 June in 2022 and between 17 May to 14 June in 2023.
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We checked trap nests weekly for nesting. In the 2022 field trial, twigs with nests
were removed and immediately replaced with new twigs of the same PD. The replace-
ment ensured that each PD was always available for nesting. However, as often no
offspring emerged from these nests, we assumed that the period of time was too short
to finish nesting. Therefore, in the 2023 field trial, we marked twigs with nests and
replaced them two weeks later. We collected female wasps present in the nests and
identified them on the genus level in vivo. We measured head width of females belong-
ing to the genus Pemphredon using a stereomicroscope with an accuracy of + 1 um. We
did not directly pin females for identification at the species level as we needed them for
subsequent laboratory rearing. In the 2023 field trial, we identified some individuals
at the species level postmortem. In both years the field trial ended when no new nests
could be observed at any of the sites for a two-week period.

We reared nests in plastic boxes in the laboratory at 25 °C and 16 h light for at least
twelve weeks. To simulate winter, we exposed nests to a cooling interval of 4 °C for 100
days with no light (Fig. 1), before being reared at 25 °C and 10 h light again. In order
to optimize the emergence rate, we adapted the procedure in 2023 and transferred
nests to a five-day adaptation interval at 15 °C, 8 h light before and after the cooling
interval and the same procedure was repeated five weeks after the first cooling interval.

We counted emerging individuals without cooling and after cooling and we
pinned at least one individual per nest for identification purposes. Crabronidae
were identified at the genus level and individuals of the genus Pemphredon were
identified at the species level. We assumed that all individuals emerging from the
same nest belonged to the same species, except natural enemies like parasitoids or
cleptoparasites (in the following referred to as parasitoid). Parasitoids were pinned,
counted and identified at the family level (e.g. Gasteruptiidae, Ichneumonidae,
Chrysididae) or at least the super family level (e.g. Chalcidoidea). The determina-
tion of Crabronidae was carried out according to Jacobs (2007). For identification
of the genus Pemphredon (Hymenoptera: Crabronidae, Pemphredonidae) van der
Smissen (2003) was additionally used.

After opening nests longitudinally, we measured nest length (mm) and determined
the number of eggs, larvae, pupae, adults and parasitoids. In 2023, we additionally
recorded the nest structure (branched vs. linear, Fig. 2A, B).
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2022 field trial JL 2°C @leh Jaccon !l 25°C @ 16h
[l —~ ==
i X
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100 opening &
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= ¢ o e £
2023 field trial; 5 -4 Jisecosn Jisccosn % <X onest

cage experiment = counting & ~=  counting &
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Figure 1. Handling of P lethifer nests. Handling (rearing, cooling, opening) of nests from trap nest
catches (2022 & 2023 field trials) and cage experiments in the laboratory (Furtwengler 2026).
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Figure 2. Variability in the nest structure of P lethifer. Example pictures of nests of 2 lethifer in S. nigra

(A. Linear nest structure; B. Branched nest structure).

In both years, we only included nests in the analysis which could be clearly assigned
to Pemphredon spp. or P lethifer — i.e. where female, living or dead adult offspring of
the target taxon could be determined. In addition, in the 2023 field trial we excluded
eight nests from the analysis as, (i) due to high nesting activity all twigs of a PD were
occupied in a trap nest and it was not certain that all PD choices were available at the
time of nesting, or (ii) two or more nests were built in one twig by Pemphredon species.

Pith diameter preference in the laboratory

To test the choice of single individuals of P lethifer for nesting in one of the four PDs
(XS, S, M, L, as in the field trials) depending on timing of nesting (e.g. first or second
nest), we set up a cage experiment in a climate chamber at 25 °C and 16 h light. Wasps
of the species P lethifer from trap nest catches in the field or from laboratory rearing were
used and gathered in a cage with males immediately after emerging to ensure mating.
We provided mating cages with water and honey. We transferred the wasps to the experi-
mental cages (W90 x D45 x H45 cm) after two to seven days. In each experimental cage
we placed one female and one male wasp and offered one twig of each PD. We prepared
twigs as in the field trials and placed them horizontally and randomly in a wooden hold-
er. We offered aphids of the species Aphis fabae on infested broad bean plants ad libitum
and each cage was set up with a water supply and honey as additional food source. We
measured head width of females using a stereomicroscope with an accuracy of £ 1 pm.
We checked cages for nests at least three times a week. As soon as a nest occurred, we
added another twig of the same PD to guarantee that each PD option was always avail-
able. We set up the experiment a total of 57 times. However, we only used cages for the
experiment in which nests were built within seven days (/V = 33). The number of repli-
cates present at the same time depended on the availability of the wasps and the number
of wasps that started nesting. We excluded two wasps that built multiple nests per day
from the analyses, because analysis of preference was impossible in these replicates.
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Twigs with nests were removed as soon as nesting in another twig was recorded.
If no further nest was built, twigs with nests were removed after four weeks. The ex-
periment was stopped when females died or were not sighted for at least seven days.
We handled removed nests as described for the 2023 field trial (see also Fig. 1) and
recorded the total number of nests per female and lifetime.

Statistical analysis

The raw data used for the analysis are available in the Open Agrar repository, in the data-
set entitled “Trap nest and laboratory experiment data used to investigate pith diameter
preferences of the digger wasp Pemphredon lethifer” (https://doi.org/10.5073/20250926-
163035-0). Statistical analysis was performed with R v. 4.4.1 (R Core Team 2024). We
used generalized linear mixed effect models (GLMM) from the glmmTMB package
(Brooks et al. 2017) and cumulative link mixed model (CLMM) from the ordinal
package (Christensen 2023) to analyse the data. This allowed to account for the distri-
bution of the response (count data, presence/absence, ordered factor, probability) by
specifying the family (negative binomial, binomial) and the respective link function
(log, logit). Furthermore, the random effects study site in the field trials and replicate
(individual wasp) in the cage experiment were included in all models. As never (2022
field trial) or rarely (2023 field trial: 1 nest; cage experiment: 2 nests) nests were built
in the smallest PD (XS) we only included this category in the analysis of nesting prob-
ability and only in the 2023 field trial and in the cage experiment.

Pith diameter preferences

To analyse the effect of PD on the nesting probability (i.e. nests per PD yes or no) of
Pemphredon spp. and P lethifer we fitted separate GLMMs for the field trials and the
cage experiment with PD as fixed effect and a binomial family. To analyse the effect of
female head width and time period (in the field trials) and timing of nesting (in the
cage experiment) on the chosen PD we fitted CLMMs. The variable time period was
calculated by splitting the calendar weeks, in which the nests were sighted for the first
time in four equal periods. As only a few nests were built in time period 3 and 4 these
were merged to time period 3+4. As in the cage experiment only a few wasps built a
third or fourth nest (timing of nesting), we also merged these into one category level for
analysis. We analysed nest structure with a binomial family and PD and female head
width as fixed effects. For the field trials we excluded PD “S” for all models with female
head width, as in both years only one female head width for PD “S” was measured.

Offspring

As the nesting in the 2022 field trial was likely incomplete due to the short sampling
interval and only a few offspring emerged in the cage experiment, we deemed data on
offspring, sex ratio, mortality and parasitism non-representative and therefore excluded
from further analysis.


https://doi.org/10.5073/20250926-163035-0
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The number of offspring was calculated as the sum of living and dead adult off-
spring, eggs, larvae and pupae per nest. To analyse the number of offspring we fitted
GLMMs with negative binomial family and the fixed effects PD, nest length, wood
diameter, parasitism (i.e. parasitoids present yes or no), nest structure, time period.
To analyse the sex ratio (i.e. the number of living female offspring per living adult off-
spring) we fitted GLMMs with a binomial family with the same fixed effects as for the
analysis of the number of offspring, but with number of offspring and cooling interval
(emerging without or after a cooling interval) added as fixed effect. We did not include
the second cooling interval, as it produced only few offspring,.

Mortality & parasitism

Mortality was defined as proportion of dead adults (found in the nests after opening)
per total adult offspring per nest. To analyse mortality per nest, we fitted GLMMs with
the fixed effects nest length, nest structure, PD, wood diameter, parasitism, time period,
number of offspring and sex ratio overall (i.e. the number of total female offspring per
total adult offspring) and a beta-binomial family (due to overdispersion). To analyse the
probability of parasitism per nest (parasitoids present yes or no) we used the same fixed ef-
fects as above, though in this case as binomial family. To analyse the ratio of parasitised to
non-parasitised cells we fitted an additional model with the fixed effects nest length, nest
structure, PD, wood diameter, time period, calculated number of cells (sum of offspring
and solitary parasitoids) and sex ratio overall and a binomial family. In order to ascertain
the number of parasitised cells, we considered only the solitary parasitoids Ichneumoni-
dae and Chrysididae. This was due to the fact that, in contrast to gregarious parasitoids,
the number of cells can be unambiguously determined in the case of solitary parasitoids.
The number of non-parasitised cells was estimated based on the number of offspring.

Model selection and validation

For all analysis, we fitted global models including all fixed and random effects. We
then fitted candidate models containing subsets of the fixed effects using the dredge
function from the MuMin package (Bartonn 2025). We chose the candidate model
with lowest corrected Akaike Information Criterion (AICc) for interpretation and all
models with dAICc < 2, the global models and the null models as well as the post hoc
analysis of the final models are presented in the Suppl. material 1: Note, for the analysis
of number of offspring, parasitism and mortality the fixed effects wood diameter and
PD were closely related, therefore candidate models were restricted to include either
variable, but not both simultaneously. For all GLMMs, we checked model assump-
tions on approximate normal distribution, homoscedasticity on the residuals using
the DHARMa package (Hartig 2024). Post-hoc-pairwise comparisons were performed
using the emmeans package (Lenth 2024) and Tukey test or, for pairwise comparisons,
sidak adjustment with a confidence level of 0.95 and a significance level of 0.05. Un-
less otherwise stated, the mean and the 95% confidence interval (CI) are given in the
results. All figures were created using ggplot2 package (Wickham 2016).



884 Jana Furtwengler et al. / Journal of Hymenoptera Research 99: 877-895 (2026)

Results

Nesting

In the field trials, we collected 69 (2022) and 420 (2023) nests in total. In the 2022
field trial, 36 nests (52% of total nest count) and in the 2023 field trial, 174 nests
(41% of total nest count) could be clearly identified as belonging to the genus Pem-
phredon spp. In both years Pemphredon spp. was the most abundant genus. In the
2023 field trial, 108 nests (26% of total nest count) could be clearly identified as
belonging to P lethifer, which was the most abundant species. The actual number of
nests belonging to Pemphredon spp. and P lethifer could be much higher, as not all
nests could be assigned to a genus or species.

In the cage experiment in total 50 nests were built by 31 wasps leading to an
average number of 1.6 * 0.8 (mean £ SD) nests per wasp (/V = 31). Twelve wasps
built only one, fourteen wasps built two, four wasps three and one wasp four nests.
The proportion of wasps building a second nest was higher, when the first nest
was in small PD (XS, S) than in larger PD (M, L) (54.6 vs. 40.0% respectively).
Proportions of wasps building one or more nests depending on first nest’s diameter
are shown in Fig. 3.

Pith diameter preferences

In all experiments nesting probability was best explained by a model with PD
compared to the null model for Pemphredon spp. and P. lethifer (see Suppl. material
1: table S1). In both of the field trials, the nesting probability for Pemphredon spp.
and more specifically 2 lethifer increased with PD (s. Fig. 4A—C) and was the high-
est for PD L (Pemphredon spp. 2022: 81%, P, lethifer 2023: 66%) while the nesting
probability in all other PDs was lower (Pemphredon spp. 2022: < 17%, 2023: <
26%; P lethifer 2023: < 26%). Additionally, in the cage experiment, the nesting
probability of the smallest PD (XS) was lower (4%) than for all the other PDs (Fig.
4D), however there was no difference in the nesting probability between the other
PDs (S, M, L: each 32%).

In the 2022 field trial and the cage experiment, the probability that a certain
PD was chosen for nesting was explained by neither time period (field) nor tim-
ing of nesting (cage) nor female head width (field & cage), since the null models
displayed the lowest AIC (see Suppl. material 1: table S1), while in the 2023 field
trial the choice of PD was best explained by a model with female head width: fe-
males with a large head showed a higher probability to nest in PD “L” than females
with a smaller head. On the other hand, females with a large head showed a lower
probability to nest in PD “M” than females with a smaller head (see Suppl. mate-
rial 1: table S3).

In the 2023 field trial, nest structure was additionally related with female head width
(see Suppl. material 1: tables S4, S5): females with a small head had a higher probability

to build branched nests, while those with a large head built more linear nests.
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886 Jana Furtwengler et al. / Journal of Hymenoptera Research 99: 877-895 (2026)

Offspring

In the 2023 field trial, 106 nests of P lethifer produced offspring. On average, nests
produced 6.7 5.6 offspring (mean + SD, N = 106). Number of offspring was best
explained by a model with the fixed effects time period, nest structure and nest length
(see Suppl. material 1: table S6). Number of offspring was higher for nests with a
branched than for nests with a linear structure (see Suppl. material 1: table S7). The
number of offspring decreased over the season and was highest for nests in time period
1 (8.9 (mean), CI: 7.0 to 11.1) compared to time period 2 (3.8 (mean), CI: 2.8 to 5.1)
and time period 3+4 (3.0 (mean), CI: 2.0 to 4.9) (Fig. 5A). In addition, the number
of offspring increased with an increasing nest length.

Sex ratio (i.e. probability for females) was 56 + 38% (mean + SD, /V = 108) and
was best explained by a model with PD, nest structure, nest length, time period, number
of offspring and cooling interval (see Suppl. material 1: table S6). The probability for
females was with 46% (CI: 26 to 66%) higher for PD “M” compared to PD “S” with
16% (CI: 6 to 36%) and PD “L” with 29% (CI: 15 to 49%) (see Suppl. material 1: table
S8). Furthermore, the probability for females was higher in nests with a branched than
with a linear nest structure and increased with nest length. The probability for females
was with 61% in time period 1 (CI: 48 to 73%) and 54% for time period 2 (CI: 37 to
69%) higher in nests at the beginning of the season compared to the end of the season
(time period 3+4: 4%, CI: 0 to 24%) (Fig. 5B) and decreased with increasing number
of offspring. At 38% (CI: 20 to 59%), the probability for females was higher without a
cooling interval than with a cooling interval (21%, CI: 10 to 39%).

Mortality & parasitism

The mortality per nest was 20 + 32% (mean + SD) and was best explained by a model
with time period and nest length compared to the null model (see Suppl. material 1:
table S9). The probability for mortality increased in time period 3+4 (54%, ClI: 32 to
75%) compared to time period 1 (9%, CI: 5 to 15%) and 2 (15%, CI: 8 to 26%) (see
Suppl. material 1: table S10; Fig. 5C) as well as with nest length.

In the field trials, parasitism was found in 2022 in 42% of the nests with off-
spring of Pemphredon spp. (relative proportions: Chrysididae: 75%, Chalcidoidea:
25%), and in 2023 in 40% of the nests with offspring of 2 lethifer (relative propor-
tions: Chrysididae: 58%, Ichneumonidae: 49%, Chalcidoidea: 9%, Diptera: 5%).
The numbers of parasitised nests per parasitoid are shown in Table 1. Only taking
into account solitary parasitoids, 14 + 26% of all cells of a nest were parasitised and
13% of all cells off all nests in total in the 2022 field trial, in the 2023 field trial the
corresponding values were 13 + 21% and 15%. In the 2023 field trial parasitism was
best explained by a model with nest structure and the probability for parasitism was
higher in branched than in linear nests (see Suppl. material 1: table S11). Addition-
ally, the ratio of parasitised cells to non-parasitised cells in the 2023 field trial was
best explained by a model with nest structure and time period (see Suppl. material 1:
table S12). The probability for parasitised cells was higher in branched than in linear
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Figure 5. Number of offspring, probability for females and probability for mortality per time period
in the 2023 field trial. Estimated mean (+95% confidence interval) per time period (1, 2, 3+4) obtained
from best candidate model for A. Number of offspring; B. Probability for females; and C. Probability for
mortality. Groups that do not share a letter differ significantly in means (p < 0.05, see Suppl. material 1:
tables S7, S8, S10).

Table I. Number of infested nests of P lethifer by parasitoids in the 2022 and 2023 field trials. The per-
centages refer to the proportion of nests with offspring.

Field trial Level Number of Number of nests Number of parasitised nests

nests (total)  with offspring  [chpeumonidae Chrysididae ~ Chalcidoidea ~ Others
2022 Pemphredon spp. 36 19 0 (0%) 6 (32%) 2 (11%) 0 (0%)
2023 P, lethifer 108 107 21 (20%) 25 (23%) 4 (4%) 2 (2%)

nests (see Suppl. material 1: table S13) and was with 14% (CI: 6 to 28%) the highest
in time period 2 compared to the beginning and the end of the season (time period
1: 5%, CI: 2 to 12%; time period 3+4: 8%, CI: 3 to 22%).

Discussion

In this study we showed that P lezhifer prefers large pith diameters and that this choice
has an impact on multiple fitness parameters important for its rearing, promotion and
the design of suitable nest boxes.



888 Jana Furtwengler et al. / Journal of Hymenoptera Research 99: 877-895 (2026)

In both study years Pemphredon spp. was the most abundant genus (2022: 52%;
2023: 41%) and P lethifer (2023: 26%) was the most abundant species in trap nests made
of Sambucus spp. Our findings were similar to other studies (e.g. Tormos et al. 2005). In
contrast to the present cage study, Danks (1971b) observed that females tended to build
multiple nests in the field as well as in the laboratory; however no average number of nests
per females was reported. In the present cage study, many females only built one nest,
which might indicate suboptimal conditions, but could also mean the opposite: The long
straight twigs in various diameters offered here are likely ideal nesting sites serving for
more nest cells, which might be rare in nature. Furthermore, parasitism and usurpation
were excluded under laboratory condition. While in nature building several nests might
reduce the risk of parasitism (Rust 1998), parasitoids were not present in the cages. Both
factors might explain that P lethifer built fewer nests here. As the digging of further nests
is energy-intensive (Ostwald et al. 2021), it might be energy-saving to extend existing
nests. However, the number of offspring in the cage experiment was not representative
and targeted experiments would be needed to further investigate these hypotheses.

There are few studies focussing on diameter preferences of pith-nesting Aculeata.
In our field trials, Pemphredon spp. resp. B lethifer favoured twigs of the largest PD,
which is consistent with other studies for this species that did however not limit the
largest pith diameter (> 5 mm (Danks 1971a, 1971¢); > 6.6 mm (Mclntosh 1996)).
Mclntosh (1996) also suggested that there might be a preference for large diameters,
but not for a specific category. This hypothesis cannot be confirmed by the results of
our study, because larger PDs, including larger defined categories as compared to both
former studies, were significantly preferred under field conditions.

In our cage experiment, the smallest PD was also used least frequently, but in con-
trast to the field studies, no differences were found between larger PDs. There are vari-
ous potential reasons for the latter. For cavity-nesting bees, it has been suggested that
they prefer specific diameters to avoid competition (Budriené et al. 2004). As there was
no competition in the laboratory, this may have played a subordinate role here. Another
explanation for the differences could be the experimental set up. P lethifer is known to
circle the twigs before nesting, likely in order to analyse the diameter of the twig (Mcl-
ntosh 1996), bark structure, branches or cracks. While this behaviour was possible in
the cage experiment, it was not always possible with bundled twigs in the field. There-
fore, maybe PD was more relevant as stimulus for the choice of twigs in the field. The
diameter of the nest site was also suggested by Kunjwal et al. (2021) to be important for
attractiveness for cavity-nesting bees. However, unlike as, for example, in cavity-nesting
Osmia lignaria propingua (Tepedino and Torchio 1994), in our cage experiment P lethi-
fer's preference for diameters was not influenced by the PD of the previous nest. Gener-
ally, the choice of a small diameter could have multiple disadvantages. For instance, the
wasp may no longer be able to dig sufficiently wide tunnels and turning could therefore
be a problem (Coville et al. 2015). This could make provisioning more difficult and
slower. Tunnel diameter of P lethifer has to be large enough for moving and turning
(Janvier 1961) and based on the findings of our study, this may not be possible below a
pith diameter of 4.5 mm, which therefore likely is the minimum suitable diameter for
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P lethifer. Nevertheless, when designing a nest box, it is important to consider that using
twigs with a larger diameter entails a trade-off: within a given nest box size, fewer twigs
can be installed, which in turn reduces the number of potential nests. Therefore, the
expected occupancy rate and number of offspring should always be taken into account.

In line with some studies on cavity-nesting Aculeata, PD did not have an influence
on the probability of parasitism (Michotap et al. 2020) or mortality (Drapeau Picard
et al. 2024). Nevertheless, Rinehart et al. (2024) should also be considered. However,
in contrast to McIntosh (1996), when assessed in the 2023 field trial, head width was
correlated with PD and larger females preferred larger diameters for nesting,.

In both years in the field, number of offspring per nest was higher at the beginning
of the nesting season, which was also shown for other Aculeates (Torchio and Tepedino
1980). Mortality increased at the end of the season. Together, our results support the
hypothesis that the fitness of P lezhifer is higher at the early season. As mortality also
increased with nest length, similar to other Aculeates (e.g. Vieira et al. 2022), offspring
may not always find their way out or the path may be blocked by other cells in long nests
(Stephen and Oscood 1965). As nest length is in turn limited by the twig or tube length,
length should be considered when developing a nest box for P lezhifer to limit mortality.

In our study, sex ratio was influenced by several factors, as assumed by Danks
(1983). Similar to the findings for other Aculeata (e.g. Torchio and Tepedino 1980;
Wittmann et al. 2023), sex ratio was higher at the beginning of the nesting season. In
addition, sex ratio was higher for offspring emerging without a cooling interval. Other
Aculeata also produced more males in the overwintering generation (Longair 1981;
Wittmann et al. 2023) and this was also observed for P lezhifer in other studies (Danks
1971b). Since P, lethifer can have several generations per year (Janvier 1961), this may
explain why sex ratio was lower in nests built late in the season, as those nests are more
likely to overwinter (Danks 1983). Additionally, PD did have an effect on sex ratio.
In contrast to several studies on cavity-nesting Aculeata (e.g. Longair 1981; O’Neill
and O’Neill 2003), sex ratio was not the highest for nests with the largest diameter,
but rather for nests with a diameter of > 6.5 to 8.5 mm. This indicates there could
be a diameter optimum for increasing sex ratio. A study with the cavity-nesting bee
Megachile rotundata showed similar results, as it was not the largest diameter offered
which led to the highest sex ratio (Rinehart et al. 2024). Consequently, with regard to
potential use as biocontrol agent, a medium pith diameter can be chosen to optimize
sex ratio in nest boxes for P lethifer, as only females collect aphids for supplying their
nests. However, the findings are contradicted Danks” (1983) hypothesis, according to
which larger twigs do not automatically result in more female offspring, as 2 lethifer
can control the size of its nest by digging. In general, however, it is difficult to deter-
mine sex ratio precisely — and thus also the factors influencing it — as it is also affected
by losses due to mortality and parasitism (Danks 1983).

In our study, similar to Danks (1971b), the most abundant parasitoids were Chrysidi-
dae, followed by Chalcidoidea and Ichneumonidae. The fact that not a single Ichneumo-
nidae was found in 2022 can be explained by the short sampling interval. As Ichneumo-
nidae parasitise particularly finalized, plugged nests of Aculeata (Mader 2010) the non-
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occurrence of Ichneumonidae supports the hypothesis that nesting was not finished in
2022. At 13% (2022) and 15% (2023), the proportion of parasitized cells was lower than
the value observed by Danks (1971c) (21 to 30%). However, our study did not account
for gregarious parasitoids, and differences in the sampling intervals of trap nests could
also explain these discrepancies. In the 2023 field trial with a longer sampling interval,
further factors influenced the probability for parasitism. Here, branched nests were more
frequently parasitised than linear nests. This effect occurred regardless of the number of
offspring. No known studies have yet observed or investigated this, but a likely explana-
tion is that parasitoids can reach several cells in branched nests more easily than in linear
ones even after nesting is finished and probably can more easily hide in unfinished nests.

In the field trial in both years as well as in the laboratory, larger females built signifi-
cantly longer nests and built less frequently branched than linear nests when compared
with smaller females. This result is contrary to Mclntosh (1996), who suggested that
nests of P lethifer are always branched after a few days if the diameter is large enough
and can also not confirm the suggestions from Tolstova (1962) and Danks (1971b)
that nests are only linear in thin twigs. Following the previous argumentation, linear
nests are preferable to avoid parasitism. However, the construction of long linear nests
may cost more energy per cell and may in turn be more affordable for larger females,
which often show a higher fitness (e.g. Hon¢k 1993; Strohm and Linsenmair 1997).
This suggests that in pith-nesting Aculeata, the head width may have a more decisive
influence on the nest structure than the pith diameter. Apart from that, species nesting
in pithy stems may behave differently from cavity-nesters, which often choose twig
diameters according to body size to balance brood cell size (Maclvor 2016), energy re-
quirements for nesting (Mariano et al. 2020) and to reduce parasitism (Maclvor 2016).
In contrast, species that nest in pithy twigs can influence the nest structure themselves
by excavating the nest tunnel. However, because the 2023 field trial also showed that
larger females often preferred larger diameters for nesting, larger diameters likely have
additional advantages such as increased isolation or greater overall stability.

Our study sheds light on the importance of pith diameter preference for various
nesting parameters of P lethifer. Nevertheless, there is still little known about prefer-
ences and effects on fitness concerning other parameters like angle (Coates et al. 2022),
height or material (Collins and Jennings 1987; Maclvor 2016). Finding out more
about such parameters remains important in order to promote digger wasps and to
design an effective nest box for P lethifer, in particular with regard to rearing success
and its potential use as biocontrol agent.

Conclusion

Our study showed that, P lethifer prefers large pith diameters and that nest structure
is influenced by female size with larger females building more linear nests. Cells in
branched nests where more often parasitized than those in linear nests. Nests produced
in the early season produced more offspring with a higher percentage of females and a
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lower mortality rate. Regarding its usage in biocontrol, a nest box for P lethifer should
contain pith diameters between 6.5 and 8.5 mm in order to achieve a more female
based sex ratio and pith diameters smaller than 4.5 mm are not suitable for nesting.
A shorter tube length could reduce mortality. Efficacy of P lezhifer can be expected to
be highest in the early season. For continuous rearing, laboratory conditions and their
effects on the fitness of P lethifer need to be optimized.
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Authors: Jana Furtwengler, Doreen Gabriel, Elias Bockmann

Data type: docx

Explanation note: This document contains an overview of the tested and final statistical
models as well as the complete results of the post-hoc analyses of the final models.

Copyright notice: This dataset is made available under the Open Database License
(http://opendatacommons.org/licenses/odbl/1.0/). The Open Database License
(ODDL) is a license agreement intended to allow users to freely share, modify, and
use this Dataset while maintaining this same freedom for others, provided that the
original source and author(s) are credited.

Link: https://doi.org/10.3897/jhr.99.186471.suppll
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