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Abstract

The importance of interspecific competition in structuring communities of plant-eating insects has been somewhat controversial. If
interspecific competition is ever important for phytophagous insects, it is likely to be observed in the insect guild that feeds in the
phloem of trees. We tested for signals of interspecific competition in co-occurring species of pine sawyer beetles Monochamus
Megerle (Coleoptera Cerambycidae), generally the largest phloemophagous insects in pines. We evaluated patterns of body size
and its correlation with other life-history traits. By studying pine sawyer beetles in different areas (Northeast USA, Southeast USA
and Portugal) we assessed the interaction with climate. As predicted under the hypothesis of interspecific competition, there were
always clear size differences among coexisting species. As predicted if competition is asymmetric, smaller species were less abun-
dant and emerged earlier than the larger species. In the larger and numerically dominant species, sexual size dimorphism was more
pronounced and the sex ratio was skewed towards females. In the smaller species, males emerged earlier (protandry), whereas the
larger species lacked differences in emergence time or displayed protogyny. Effects of climate only seem to have been expressed
in the larger dominant species of each area, whereas the effects of competition in smaller species probably overshadow the effects

of climate.
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Introduction

In phytophagous insects, the acceptance of interspecific
competition as a driving force in structuring communities
has been controversial (Lawton and Strong, 1981; Kaplan
and Denno, 2007). A review by Denno ef al. (1995) did
found that interspecific competition can be important
among mandibulate herbivores feeding in concealed
niches, and especially when they are closely related, in-
troduced, sessile, and aggregative. Furthermore, the com-
petitive interactions among co-occurring phytophagous
insects tend to be highly asymmetrical (Kaplan and
Denno, 2007). An important determinant of asymmetries
in competitive interactions is a difference in body size,
which has a strong impact on life history strategies and
population dynamics (Bassar et al., 2016). Body-size
asymmetries result in size-dependent trophic interac-
tions, with potential to organize the structure and func-
tion of communities. They can be central to resource-par-
titioning and niche segregation, allowing species coexist-
ence (Werner and Gilliam, 1984). Among aggregated in-
sect herbivores that feed in concealed niches, intraguild
predation is especially important (Coulson et al., 1980;
Schoeller et al., 2012; Jones et al., 2015). This is a special
case of species interaction that combines competition and
predation (“killing and eating among potential competi-
tors”; Polis et al., 1989), and its direction and strength
between competitors are very dependent on differences
in size (Wissinger, 1992; Arim and Marquet, 2004).
Nonetheless, the role of differences in body size on com-
petitive interactions in insects has not received much at-
tention (but see Messina and Peterson, 2004).

Within species, sexual size dimorphism (SSD) is a dis-
continuous variation in body size between sexes (Teder
and Tammaru, 2005; Stillwell ef al., 2010). SSD often

results from selective pressures related to sexual selec-
tion, with fecundity selection on females and sexual se-
lection on males being the major general sources of se-
lection favouring larger size in each gender (Fairbairn,
1997; Stillwell et al., 2010). Larger insect females gener-
ally produce more or larger offspring (Honek, 1993).
Larger insect males can have increased mating success
due to advantages in acquiring territory, providing nup-
tial gifts, and in male-male competition (Hughes and
Hughes, 1982; Fox et al., 2006; Serrano-Meneses et al.,
2007). However, increased SSD can also be favoured un-
der natural selection because it facilitates resource parti-
tioning between the sexes, decreasing the negative effects
of intraspecies competition, determining the species
niche (Fairbairn, 1997; Pincheira-Donoso et al., 2018).
Analysis of patterns in SSD among taxa and environ-
ments can provide insights into the sources of selection
that favour large versus small size (Stillwell ef al., 2010).
Furthermore the allometry between female body size and
egg size can also lead to asymmetric competition among
immature stages. Hatchling size, which is related with
egg size, can create initial asymmetries that will deter-
mine the strength and directions of coexistent species in-
teractions throughout development (Parker and Begon,
1986; Wissinger, 1992).

Climate, mostly through the effect of temperature, is
generally known to have a strong effect not only on body
size, but also at other levels of organization such as egg
size. In some insects species there are clear patterns of ge-
ographic variation in body size related to temperature, that
are interpretable in terms of life history theory (Ayres and
Scriber, 1994; Parry et al., 2001; Blanckenhorn et al.,
2006; Stillwell et al., 2007; Pimentel et al., 2010; 2012).
However, the existence of biogeographical clines in insect
body size is not universally expressed and straightforward



(Shelomi, 2012). Rapid environmental change in many
ecosystems has increased the relevance of understanding
how climate affects the relationship between fitness and
body size (Horne et al., 2017; Baar et al., 2018).

The genus Monochamus Megerle (Coleoptera Ceram-
bycidae), the pine sawyer beetles, can be found through-
out pine forests of the northern hemisphere, subsisting in
a wide range of climates, from boreal to subtropical. They
are medium to large size wood borers and are associated
by phylogeny and ecology with other members of the
Cerambycidae and Buprestidae families. Adults feed on
twigs of healthy pines and then oviposit into the bark of
dying or recently dead pines. Larvae feed on fresh
phloem, and late larvae bore a U-shaped gallery into the
xylem where they pupate (Linsley and Chemsak, 1984;
Akbulut and Stamps, 2012). These insects are considered
secondary pests, affecting weakened or already dying pine
trees, but can decrease the value of timber. They have
been the focus of research mostly due to being the vector
of the pinewood nematode Bursaphelenchus xylophilus
Steiner et Buhrer (Nematoda Aphelenchoididae), the
causal agent of the pine wilt disease (Akbulut and Stamps,
2012; Pimentel ef al., 2014; Firmino et al., 2017).

Monochamus are generally the larger species of the pine
phloem feeding guild, which includes several smaller bark
beetles species and other larger wood borers. Within this
guild, asymmetric competitive interactions favour larger
and more mobile cerambycid larvae and intraguild preda-
tion is common (Coulson et al., 1980; Schoeller et al.,
2012). In general, bark and wood-boring insects provide
a likely arena for important interspecific competition
among closely related beetle species who all feed upon a
shared limiting resource (Jones et al., 2015).

Multiple species of Monochamus often co-occur within
the same forests and the same host trees, with known
competitive interactions where size differences can be
crucial (Linsley and Chemsak, 1984; Hughes and
Hughes, 1987; Koutroumpa et al., 2013; Pimentel et al.,
2014). All these attributes make the pine sawyer beetles
potentially good models to assess signals of interspecific
competition, and its role on shaping the ecological niche
of close related plant feeding insects. Furthermore, their
wide distribution, also allows an assessment of interac-
tions between competition and climate. Thus, in the pre-
sent work we measured several life-history traits poten-
tially implicated in competitive interactions and niche
differentiation (phenology, adult size, including SSD and
egg size), in sympatric and syntopic species of pine saw-
yer beetles subsisting under distinct climates. We expect
to contribute to a better understanding on how competi-
tive interactions modulates phytophagous insect species
life history traits and coexistence.

Materials and methods

Collection of field specimens

Specimens of Monochamus species were obtained
from two autochthonous pine forests in the eastern USA
(VT and LA), and one in Portugal (PT). The two forests
in the USA were separated by about 2500 km, contained
different species of pine, and had different climates:
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1) a forested region in the northeast (Vermont and New
Hampshire) with mainly white pine Pinus strobus L. and
some red pine Pinus resinosa Aiton (VT: 43°42'N
072°17'W, 162 m asl); and 2) the Kisatchie National
Forest, in Central Louisiana (LA - 31°20'N 92°24'W,
36 m asl), with longleaf pine Pinus palustris Miller, lob-
lolly pine Pinus taeda L., slash pine Pinus elliottii
Engelm., and shortleaf pine Pinus echinata Miller. Our
study forest in Portugal was a coastal region in the south-
west (PT: 38°08'N 8°43'W, 39 m asl) that is chiefly Pinus
pinaster Aiton stands, occasionally interspersed with Pi-
nus pinea L., Eucalyptus globulus Labillardiere and
Quercus suber L. VT has a humid continental climate
(Koppen), with long, cold, snowy winters, and warm hu-
mid summers, an annual average temperature of 9.5 °C,
and average temperatures of the hottest summer months
between 19.5-22.5 °C. Precipitation is well-spread
throughout the year with an annual average of 1,132 mm.
LA has a humid subtropical climate (K6ppen), with hot
and humid summers and mild winters, an annual average
temperature of 19.4 °C, and average temperatures of the
hottest months between 27-28.5 °C. The area receives
abundant rainfall year-round with an average of
1,533 mm. In PT the climate is Mediterranean with mild
winters and hot dry summers; average annual tempera-
ture is 16.0 °C and annual precipitation is 507 mm. There
is a characteristic summer dry season (typically from
June to August), when average temperature increases to
19.5 °C and precipitation drops to about 5 mm per
month (NowData - NOAA Online Weather Data, Na-
tional Oceanic and Atmospheric Administration, re-
trieved 2016-07-16.).

Monochamus spp. adults are generally attracted to host
volatiles and bark beetles’ pheromones, which indicates
a suitable host - a damaged or freshly dead pine tree. In
fact, blends of these compounds associated with multi-
ple-funnel traps were found to be highly effective for
monitoring pine sawyers beetles, with consistency of re-
sults across large geographic areas suggesting similar se-
lection pressures on different species of the genus across
different climates (Miller ef al., 2013). Thus, in the pre-
sent work we trapped live pine sawyers beetles in the
wild using Lindgren Multi-Funnel Traps® with 12 black
funnels, adapted for an efficient trapping of large insects,
baited with a-pinene (170 g, releasing ~2 g/day) and Ip-
senol (100 mg, releasing ~500 pg/d) (Synergy Semio-
chemicals Corp.). This occurred during the spring/sum-
mer 2011 in the USA, and 2012 in PT. In each forest, we
deployed five traps separated from each other at least
3 km (further details in Pimentel et al., 2014 and Firmino
et al., 2017). As much as possible, the traps were placed
in areas with recently dead trees. The traps were deployed
sufficiently early in the season that there were always at
least 2 weeks before we captured the first Monochamus
and were then checked weekly until at least 2 weeks after
new captures ceased. We expected with this methodology
to obtain a representative sample of mature adults
throughout the flight season in each area.

All captured Monochamus were identified and sexed,
and the body length of each beetle was measured with a
digital caliper (range 0-150 mm, resolution 0.01). The fe-
male abdomen was opened and all the eggs in the ovaries



counted - an indication of fecundity. Monochamus eggs
have the shape of a prolate ellipsoid, and in each female,
the longest axis of three randomly selected eggs was
measured with a digital caliper (range 0-150 mm, resolu-
tion 0.01). The average of these three measurements was
considered the egg size of that particular female.

Statistical analysis

We tested for differences among Monochamus species
in body size, egg number and size with analysis of vari-
ance (one way ANOVA), followed by Tukey's honestly
significant difference test (Tukey HSD). We tested for
differences in emergence time (Julian date) between spe-
cies, and for differences in traits between sexes with two
sample #-tests. Interspecific variation in the different
traits was assessed through Pearson Correlation. We
tested for patterns in the number and size of eggs with a
general linear model that included species and origin of
Monochamus (5 classes), body size of the female adult
(continuous variable), and species x body size (to test for
heterogeneity among species in the relationships with
body size). Regression analyses were performed using
the software OriginPro® 8 SRO (1991-2007 OriginLab
Corporation).

Results

In both of forests studied in the USA, we found pairs of
Monochamus species: in VT the white-spotted sawyer
Monochamus scutellatus (Say) and the northeastern pine
sawyer Monochamus notatus (Drury); in LA the Carolina
sawyer Monochamus carolinensis (Olivier) and the
southern pine sawyer Monochamus titillator (F.). In Por-
tugal only the black pine sawyer Monochamus gallopro-
vincialis (Olivier) was found. By far, the largest number
of Monochamus captures were in LA, during a long flight
season of seven months. Here, there was a clear differ-
ence in the flight phenology of the two species collected:
M. carolinensis averaged 24.7 days earlier than for
M. titillator (two sample t-test: ¢ = 9.85, df = 1904,
P <0.001). Monochamus were much less abundant in the
other two study regions. In PT only a few dozen adults of
M. galloprovincialis were trapped, also over a long flight
season of seven months. In VT, during a much shorter
flight season of just three months, few adults of two spe-
cies were trapped, also with significant differences in
emergence time between them: M. scutellatus capture
dates averaged 38.6 days before M. notatus (¢ = 5.99,
df=44, P<0.001, table 1).

Table 1. Portion of the year in which pine sawyer beetles (Monochamus) were trapped (flight season), and number of
adults from each species captured in northeast USA (VT), southeast USA (LA), and Portugal (PT); sex ratio of each
species, and average difference in number of days of emergence of males in relation to females.

Area Flight season  Monochamus species  Number sex ratio 9/38 Number of days & preceded 9
VT  Julv-September M. scutellatus 19 0.58 -21.7%* Protandry

y-sep M. notatus 27 2.0 5.5 No differences
. M. carolinensis 615 1.11 -12.2%* Protandry

LA April-October M. titillator 1290 1.48 2.1 No differences
PT April-October M. galloprovincialis 81 1.13 28.1%* Protogyny

Average difference in days of days of emergence tested with #-test statistic: **significant at P < 0.01; *significant at

P<0.05
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Figure 1. Mean + SD body length in the different Monochamus species.
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The body length of female adults varied by up to 36%
among species, with M. notatus being the largest species
followed by M. titillator (one-way ANOVA Fiz70 =
163.2, P <0.001; Tukey HSD M. notatus > M. titillator
> M. galloprovincialis = M. scutellatus = M. carolinensis
P <0.01; figure 1). The body length of males also varied
among species, but in this case the two larger species
-M. notatus and M. titillator- had similar size males (one-
way ANOVA Fugii = 132.1, P < 0.001; Tukey HSD
M. notatus = M. titillator > M. galloprovincialis = M. scu-
tellatus = M. carolinensis P<0.01; figure 1). There were
more eggs in abdomens of female M. titillator (Mean = SD
23.6 £ 6.9) than in the other four species, which were
similar (16.0 £ 6.1 to 19.9+5.3) (one-way ANOV A Fj 779
=44.9, P <0.001; Tukey HSD M. titillator > M. notatus
~ M. galloprovincialis = M. scutellatus =~ M. carolinensis
P < 0.05). Egg size was broadly correlated with female
body size across species. M. notatus, the largest species,
produced the largest eggs (Mean + SD 4.55 + 0.23 mm),
followed by the second largest species, M. titillator,
(4.05£0.27 mm). The three smaller species produced
similarly smaller eggs (3.37 £ 0.22 to 3.47 £ 0.25 mm)
(one-way ANOVA F4770=237.1, P<0.001; Tukey HSD
M. notatus > M. titillator > M. galloprovincialis ~ M. scu-
tellatus = M. carolinensis P <0.01).

Average male size was always smaller than average fe-
male size (figure 1), and significantly so in all species ex-
cept M. scutellatus (two sample ¢ test P < 0.05 for all sig-
nificant differences). The correlation between female
body size and size differences between the sexes was
positive but not significant (Pearson correlation R = 0.42,
P =0.47, n=5 species). Sex ratio tended to favour fe-
males, but with variation among species and not in the
case of M. scutellatus (table 1). There was a positive cor-
relation between average female body size and @/3 sex
ratio (R = 0.88, P = 0.051). The relative timing of emer-
gence of the two genders also differed among species,
with two species presenting protandry, one protogyny,
and no differences in the other two species (table 1).

Monochamus species were similar in that (1) an average
sized female carried about 20 eggs, (2) eggs were typically
3 to 5 mm in length and (3) females with larger bodies
carried relatively more eggs that tended to be a bit larger.
However, the details varied among species (figure 2). The
average number of eggs per female varied by about 30%
among species (least square mean = SE = 16.0 + 1.0,
17.0+£0.4,18.8+£0.8,19.9 £ 2.0, and 23.6 £+ 0.3 eggs for
M. galloprovincialis, M. carolinensis, M. notatus,
M. scutellatus, and M. titillator, respectively; Fi 765 =
3.91, P =0.004). Overall, larger females tended to carry
more eggs (F1,76s = 16.14, P < 0.0001), but the relation-
ship between egg number and body size varied among
species. From small to large body size (10" to 90" percen-
tile), the number of eggs increased by about 6 in M. nota-
tus to about 12 in M. titillator (fecundity increases of 30%
in M. notatus and 51-56% in M. carolinensis, M. gallo-
provincialis, and M. titillator; figure 2). This heterogene-
ity among species in the slope of egg number vs. body
size was significant (Species x Body size: F4, 765 = 3.43,
P =0.009). The average size of eggs varied by about 25%
among species (mean + SE = 3.47 + 0.04, 3.39 + 0.02,
4.55 + 0.05, 3.37 + 0.08, and 4.05 + 0.01 mm for
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M. galloprovincialis, M. carolinensis, M. notatus,
M. scutellatus, and M. titillator, respectively; Fy 765 =
36.67, P<0.0001). Egg size tended to increase with body
size (F1,765 = 11.91, P < 0.001, but less strongly than for
egg number; from small to large body size (10" to 90*
percentile), the typical increase in egg size was only
7-12%.

Discussion

Body size and competitive interactions

In two of our three study areas, we found pairs of co-
occurring species of Monochamus, and in both cases one
species was considerably smaller and had its flight season
earlier in the year: M. scutellatus vs M. notatus in North-
east North America and M. carolinensis vs M. titillator
in Southeast North America. Both these pairs of species
were found in previous works to directly compete for
fresh phloem from recently dead trees during larval de-
velopment (Coulson et al., 1980; Hughes and Hughes,
1987; Schoeller et al., 2012). Fresh pine phloem is an
ephemeral and limiting resource, thus the likelihood of
species coexistence is enhanced by any features of their
biology that lessen competition. We propose that differ-
ences in body size play an important role in this commu-
nity for resource partitioning and coexistence. Life-his-
tory theory predicts that body size is positively correlated
with development time (Roff, 1992), which is broadly ev-
ident for insects (Garcia-Barros, 2000). Thus, if two sym-
patric Monochamus species start larval development at
the same time, all other things being equal, individuals of
the smaller species will tend to emerge earlier. If there
are early differences in larval body size, this will lead to
increasingly asymmetric competition, perhaps favouring
earlier cessation of larval feeding (and therefore smaller
adult size) in one species, which would facilitate their co-
existence.

In fact, we found that interspecific variation in egg size
follows closely the interspecific variation in female body
size. On the other hand, although females of M. titillator
tended to have more eggs in their abdomens (an indica-
tion of fecundity), this parameter was surprisingly similar
in the other Monochamus species, and we did not found
a clear interspecific relation between body size and po-
tential fecundity, contrary to the general relationship in
insect species (Honek, 1993). It was proposed that the
evolution of adult size in insects is partially determined
by an allometric link between adult size and egg size, and
thus with hatchlings size and length of larval develop-
ment (Roff, 1992; Garcia-Barros, 2000). Thus, it seems
that egg size in Monochamus species is under strong se-
lection, probably determining initial size asymmetries
within the guild, as well the length of development and
final size, limiting an increase in fecundity in larger spe-
cies. However, within species, an increase in female body
size has a larger effect on the number of eggs in the ova-
ries (30-56% increase), than on their size (7-12%). This
is commonly observed in insects (Garcia-Barros, 2000),
and has been attributed to a stronger relationship between
egg number and maternal fitness than between egg size
and maternal fitness, thus following the theoretical pre-
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diction that egg number should increase more rapidly
than egg size for a given increase in female size (Parker
and Begon, 1986; Hendry et al., 2001). Thus, within
Monochamus species gains in female body size will re-
sult in higher fecundity, while maintaining an optimum
egg size that is species specific.

The larger Monochamus species was more abundant
than the smaller species in both regions where two spe-
cies co-occur (table 1), which is consistent with there be-
ing a competitive advantage to being larger.

Gender effects

Competitive interactions in sympatric Monochamus
species also seem to impact sexual size dimorphism
(SSD) and sex ratio. Monochamus females are larger than
males, as in most insect species (Stillwell et al., 2010). In
Monochamus species that did not have a larger co-occur-
ring congener (M. galloprovincialis, M. titillator and
M. notatus), females were more abundant than males and
SSD was more pronounced compared to species compet-
ing with a larger congener (M. scutellatus and M. caro-
linensis). Our findings are in agreement with the most
common pattern found in insects, in which species with
female-biased SSD show an increase in SSD with increas-
ing body size, contrary to the general Rensch’s rule, that
states the opposite. The explanation for observed patterns
in insects is that female size is more sensitive to environ-
mental conditions than male size; under good conditions,
there is a larger relative increase in female than male size
(Teder and Tammaru, 2005). If female Monochamus are
under a stronger evolutionary pressure to become larger
than males, and considering that becoming larger implies
a longer development time (Teder, 2014), then females of
smaller species will be more affected by asymmetric com-
petition than males. This possibly will result in higher
mortality in females of the smaller species, and/or pupa-
tion at a smaller size, explaining the observed patterns.
Furthermore, Monochamus larvae are facultative intra-
guild predators, and larger species benefit from the extra
nutrients obtained by consuming larvae of smaller species
(Coulson et al., 1980; Schoeller et al., 2012), which would
likely benefit females more than males.

We found interspecific variation in the relative timing
of adult activity by males and females: M. galloprovin-
cialis displayed protogyny - females emerging before
males - whereas M. scutellatus and M. carolinensis dis-
played protandry - males emerging before females - and
M. titillator and M. notatus displayed no gender differ-
ence in adult phenology (table 1). Protandry is common
in insects (Bulmer, 1983) and may be a byproduct of se-
lection for female-biased SSD (Morbey, 2013; Teder,
2014), due to the relationship between body size and
length of development. However proximate genetic
mechanisms determining adult insect emergence can be
important, and these are under stronger selection in males
than in females (Gu et al., 2014). Protandry is in fact con-
sidered advantageous because it maximizes mating op-
portunities for males while minimizing the pre-reproduc-
tive period for females, particularly in short lived insects,
and those in which females mate only once, shortly after
emergence (Fagerstrom and Wiklund, 1982; Bulmer,
1983; Zonneveld and Metz, 1991). Increased sexual
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selection due to intense competition among individuals of
the chosen sex, generally males, can result in protandry
(Bulmer, 1983; Moller, 2004). However protogyny occurs
far too often among insects to exclude an evolutionary ex-
planation (Honek, 1997). Theoretical models point to pro-
togyny being a better strategy when female survival is
higher than male survival, especially in scenarios where
females are long-lived, as long-lived females do not risk
much in terms mating failure (Degen ef al., 2015). In the
case of Monochamus spp., if emergence time was simply
a byproduct of SSD and development length, protandry
should be the norm within the genus, especially so in
larger species with more pronounced SSD. However it
was only observed in smaller species with lower SSD.
Monochamus adults live for approximately two months
under laboratory conditions (Pershing and Linit, 1986),
requiring at least 10-15 days to reach sexual maturation
(Koutroumpa et al., 2008). The relatively long life span of
pine sawyer’s adults, and the fact that females take some
time to reach sexual maturity after emergence, does not
give much advantage to males emerging early in the sea-
son, explaining the occurrence of protogyny, or no differ-
ence in emergence time between the genders. Adult sex
ratio is a key factor affecting sexual competition, with
male-to-male competition increasing with male biased
sex ratio (Weir et al., 2011). In the case of Monochamus,
protandry was observed in the two species with the most
male biased sex ratio, where the females most likely suffer
higher mortality due to asymmetrical competition. Thus
protandry may have evolved within the genus due to in-
creased sexual competition among males coupled with
lower survival of females.

Climate effects

In all three study areas - Northeast North America,
Southeast North America, and Portugal - the largest in-
sect feeding on pine phloem is a Monochamus species.
However the size of the largest phloeophagous insect var-
ied among these regions. M. notatus from the northern
USA was the largest species, followed by M. titillator
from the wet subtropical USA. The smallest was M. gal-
loprovincialis from a Mediterranean climate in Portugal,
which were of similar size to the smallest Monochamus
spp. in our two other study regions.

Temperature, aridity, and length of the dry season have
all been reported to affect insect body size either nega-
tively or positively (Le Lagadec ef al., 1998; Garcia-Bar-
ros, 2000; Davidowitz, 2008). In arid environments,
larger insects might experience reduced risk of desicca-
tion (Le Lagadec ef al., 1998). On the other hand, smaller
insects could be favoured in arid environments because
they need less food, which tends to be more limiting
when precipitation is low (Davidowitz, 2008). In fact, our
smallest numerically dominant wood borer (M. gallopro-
vincialis) was found in our most arid study region, and
the greatest numerical advantage of large vs. smaller spe-
cies was in our wettest climate (M. titillator captures in
LA were twice that of M. carolinensis). Our results match
the model of Davidowitz (2008) which predicts that fit-
ness as function of body size tends to shift toward favour-
ing large body size under climates that favour higher
productivity of basal resources.



M. notatus was the largest pine sawyer recorded in our
study, inhabiting the coldest climate, at the highest lati-
tude, being its females about 10% larger than females of
M. titillator. The relationship between insect body size
and environmental temperature is complex and finding
general patters have proved to be elusive. On one hand,
low ambient temperature can result in smaller adult size
due to shorter growing seasons, implying less time and
resources for individuals to mature, and also a need for
longer time to attain a larger body size since growth rates
are dependent on environmental temperature - the so
called converse Bergmann’s clines (Roff, 1992;
Blanckenhorn and Demont, 2004). However, in the pre-
sent case it does not seem that low environmental tem-
peratures limit the size of the dominant pine sawyers in
the guild, contrary to what happens with precipitation.
We studied a limited number of species, but an hypothe-
sis to explain our findings is that Monochamus life cycle
does not seem to be dependent on specific host phenol-
ogy, which can be related with the length of the develop-
ment season in insects (Ayres and Scriber, 1994), since
females oviposit in recently dead pines, which can occur
throughout the flight season. There is also evidence that
Monochamus life cycle can evolve to be univoltine or bi-
voltine (Pimentel et al., 2014; Firmino et al., 2017), or
even require two years to be completed depending on cli-
mate (Tomminen, 1993). Thus, adaptation of voltinism to
local environmental temperature, and independence from
host phenology, possibly makes Monochamus not so re-
stricted by season length.

The foremost hypotheses to explain larger sizes in
colder environments (Bergmann’s rule) are the heat con-
servation hypothesis and the starvation resistance hy-
pothesis (Blackburn et al., 1999; Scriven et al., 2016).
Temperature effects on growth rate and final size were
also considered as potential explanation: higher environ-
mental temperatures lead to faster development rates,
shorter development times, and lower final mass, and
such observations were formalized in the temperature-
size rule (Atkinson, 1994). Not much is known about
Monochamus physiology, or the potential advantage of
growing bigger in colder climates, but if there is an ad-
vantage, it is only expressed in the larger dominant spe-
cies. No difference was found in body size between the
two smaller species -M. scutellatus and M. carolinensis-
likely to suffer from asymmetric competition from the
dominant pine sawyers. On these species, the effects of
competition probably overshadow any possible ecogeo-
graphical effect on life-history traits.

A relationship between size and ambient temperature
has also been found at other levels of organization be-
sides whole body mass. Particularly, egg size tends to
increase with decreasing environmental temperature, in-
dependent of the effect of maternal size (Atkinson ef al.,
2001). Larger eggs can be adaptive in colder environ-
ments due to a faster post-embryonic development rate
as a result of increased hatchling mass, which is advan-
tageous when the season length decreases (Ayres and
Schriber, 1994; Gillooly et al., 2002). Larger egg size
also confers greater tolerance to temperature variation,
leading to higher hatchability under harsh climatic con-
ditions (Fischer and Fiedler, 2001). We did found that

M. notatus females produce the larger eggs, but this
maybe due to the allometric relation between egg size
and adult size. The larger females of M. notatus also
stand out in that they are less efficient in translating an
increase in body length into an increase in fecundity than
any of the other Monochamus species, ending up with a
lower number of eggs in their ovaries than M. titillator.
No such difference was found in relation to intraspecific
variation in egg size, as indicated by the slopes of regres-
sions between female body size and reproductive output
(figure 2). Since ectotherm physiology is strongly tem-
perature-dependent, insect fecundity might be limited by
temperature, and the potential fecundity advantage of a
large size may not be fully realized in colder environ-
ments (Berger et al., 2008).

Conclusions

In the present work we found evidence that body size
plays a crucial role in a specific guild of phytophagous
insects, leading to asymmetric competitive interactions
among species. Interactions between competition and
body size are determinant in several life-history traits,
such as SSD, sex ratio and relative timing of emergence
in adults of both genders (protogyny vs protandry).
Asymmetric competition also seems to affect the expres-
sion of ecogeographical rules, which are more evident in
large and dominant species, while in smaller species the
effects of competition probably overshadow any possible
ecogeographical effect on life-history traits.
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