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Introduction

Most aquatic animals carry out gas exchange either

across the integument or using some form of specialized

gill or respiratory plastron (Jones, 1972; Kooyman, 1973;

Mill, 1974; Chapman, 1982; Schmidt-Nielsen, 1997).

However, several aquatic groups (including many in-

sects, amphibians, reptiles and mammals) obtain oxygen

by exchanging respiratory gases with air, during surfac-

ing (Mill, 1974; Chapman, 1982; Boyd, 1997; Schreer &

Kovacs, 1997; Šamajová & Gvoždı́k, 2009; Brischoux

et al., 2011). Aquatic Coleoptera possess a variety of

exhaustible air stores, all of which include a subelytral

reservoir into which the majority of the insect’s func-

tional spiracles open (Crowson, 1981; Chapman, 1982;

Jach, 1998; Wichard et al., 2002). In the majority of

diving beetles (Dytiscidae), the air store is wholly

subelytral (Heberdey, 1938; Balke, 2005), acting only to

some extent as a physical gill (Brocher, 1916; Ege, 1915;

Madsen, 1967). Consequently, most adult dytiscids are

highly dependent on atmospheric oxygen and must

surface periodically to renew their air supply (Calosi

et al., 2007a). Whereas most species appear to spend the

majority of their time underwater at rest, the diving

behaviour of dytiscids (and indeed of other surface-

exchanging aquatic insects) reflects the proportion of

time individuals can spend in essential activities that

require them to be submerged, such as foraging and

reproduction, thus being fundamental to their physio-

logy and behavioural ecology.

In diving beetles, and other surface-exchanging ani-

mals, an individual dive cycle can be divided into two

components: the time spent underwater, or dive time, and

the time spent exchanging the air store at the water

surface, or surface time (see Calosi et al., 2007a for further

details). Surface time and dive time have been used to

explore the biology of diving across groups of aquatic

mammals, birds and reptiles (Boyd, 1997; Schreer &

Kovacs, 1997; Halsey et al., 2006a,b; Brischoux et al.,

2008; and references therein), but quantitative studies of

diving responses and performance (e.g. dive length)

are almost nonexistent for Dytiscidae, limiting our
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Abstract

Surfacing behaviour is fundamental in the ecology of aquatic air-breathing

organisms; however, it is only in vertebrates that the evolutionary ecology of

diving has been well characterized. Here, we explore the diving behaviour

of dytiscid beetles, a key group of surface-exchanging freshwater inverte-

brates, by comparing the dive responses of 25 taxa (Deronectes and Ilybius spp.)

acclimated at two temperatures. The allometric slopes of dive responses in

these dytiscids appear similar to those of vertebrate ectotherms, supporting the

notion that metabolic mode shapes the evolution of diving performance. In

both genera, beetles spend more time submerged than on the surface, and

surface time does not vary with the temperature of acclimation. However,

presumably in order to meet increased oxygen demand at higher tempera-

tures, Deronectes species increase surfacing frequency, whereas Ilybius species

decrease dive time, an example of ‘multiple solutions.’ Finally, widespread

northern species appear to possess higher diving performances than their

geographically restricted southern relatives, something which may have

contributed to their range expansion ability.
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understanding of the evolutionary ecology of diving in this

group of insect and in air-breathing invertebrates in

general. Diving responses are thought to be function of

the quantity of air stored and the rate at which oxygen is

consumed. Direct measurement of oxygen consumption

by aquatic air-breathing insects is technically challenging,

and physiological techniques employed so far do not allow

experiments to be conducted under seminatural condi-

tions in the laboratory (Ege, 1915; Matthews & Seymour,

2006). Consideration of metabolic rates (Krogh, 1914) and

previous studies on other organisms (De Ruiter et al., 1952;

Eddy & Mcdonald, 1978) suggest that changes in surfacing

frequency (the number of surfacing events divided by the

observation time) underlie an increase in oxygen demand

and more frequent surfacing allowing for a more frequent

renewal of the insect’s subelytral air reservoir (Gilbert,

1986). Thus, surfacing frequency may provide an integra-

tive measure of oxygen demand that in turn relates to the

activity of diving beetles (Calosi et al., 2007a). Addition-

ally, acknowledging variation in the duration of individual

dive cycles, a measure of the voluntary time submerged

(VTS), can be calculated by multiplying surfacing fre-

quency by average dive duration, thus representing an

integrative measure of dive time and frequency. Here,

components of the dive cycle, including surfacing fre-

quency and VTS, are used as proxies to explore activity

levels, interspecific variation in responses to temperature

and the presence of broad phylogenetic and physiogra-

phic ⁄ ecographic patterns in the diving response of diving

beetles.

Based on theoretical considerations, a number of pre-

dictions can be made regarding the diving behaviour of

diving beetles and other surface exchangers. Given the

intimate link between surfacing and both predation risk

(Kramer et al.,1983) and risk of parasitism by water mites

(Gerecke, 2006), most species may be expected to first

maximize their submergence time, with the rate of oxygen

depletion being a major constraining factor, and second to

minimize the time spent at the surface, this being dictated

by mechanical restrictions in replenishing subelytral air

stores. Third, according to the oxygen store–usage hypothesis

(proposed in homoeotherms see Butler & Jones, 1982;

Boyd, 1997; Halsey et al., 2006a; b, but see also Brischoux

et al., 2008), species with larger bodies are expected to

have on average longer dives and longer surface intervals,

following the assumption that oxygen stores scale isomet-

rically with mass, whereas oxygen demand scales allo-

metrically (see Halsey et al., 2006a,b; Brischoux et al.,

2008). Fourth, given that elevated temperatures increase

the ratio between oxygen demand and oxygen supply in

aquatic ectotherms (Verberk et al., 2011), diving beetles

will incur oxygen deficits more rapidly at higher temper-

atures, leading to a reduction in dive duration and ⁄ or an

increase in surfacing frequency to enable more frequent

renewal of the insect’s air reservoir (Gilbert, 1986). Finally,

given that rare and common diving beetles have been

shown to differ dramatically in thermal tolerance ranges

(Calosi et al., 2010), we expect different diving responses

among species with differing geographical range sizes. In

particular, we expect widespread species to show higher

levels of activity (based on Bernardo et al., 2007 observa-

tions in salamander) and possibly greater physiological

performances (i.e. diving performances, including the

ability to maintain unvaried mean VTS at higher temper-

atures) when compared with their geographically re-

stricted relatives (based on Calosi et al., 2007b observations

in amphipods, Calosi et al., 2010 observations in diving

beetles).

Here, we present quantitative data on the diving

response of 25 taxa of European dytiscids, belonging to

two separate genera (Deronectes and Ilybius) inhabiting lotic

and lentic environments, respectively. We use these data

to (i) characterize the structure of the relative length of

dive and surface time and their allometric relationships,

(ii) investigate how diving responses change in response to

temperature between genera and across species and (iii)

explore the relationship between species diving responses

and the size and position of their geographical range. Our

study is the first to quantify and compare the diving

response of a large group of related aquatic air-breathing

insects within a phylogenetically informed context, char-

acterizing the evolutionary ecology of diving in these

invertebrate ectotherms. We show that dytiscid beetles

spend more time submerged than on the surface at both

temperatures tested and that in both genera, mean surface

time does not vary between acclimation temperatures.

Nonetheless, in order to meet increased oxygen demand at

the higher temperature, species of Deronectes show an

increase in surfacing frequency, whereas species of Ilybius

show a decrease in dive time, suggesting fundamentally

different respiratory responses (‘multiple solutions’) in

these genera. In addition, our results corroborate the idea

that metabolic mode has shaped the evolution of diving

performances, because diving beetle responses resemble

those of vertebrate ectotherms more than those of verte-

brate endotherms. Finally, despite clade (genus) being the

strongest predictor of species variation, widespread north-

ern species show a higher mean surface time and VTS, but

lower mean surfacing frequency and smaller shifts in VTS

with increased temperature, when compared with re-

stricted southern species. This seems to indicate that

widespread species possess higher diving performances

and that these may have played an important role in

defining their post-glacial colonization success.

Materials and methods

Species ecology, distribution and phylogenetic
relationship

Species of Deronectes occur in fast-flowing streams at

intermediate elevations across the Palaearctic, with

greatest diversity in the Mediterranean region (Balfour-

Browne, 1950; Franciscolo, 1979; Millán & Ribera, 2001;
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Ribera & Vogler, 2004). Ilybius is a widespread Holarctic

genus, with highest species richness in Europe and the

Mediterranean, with most taxa being found in small,

often temporary lentic water bodies (Nilsson & Holmen,

1995). The phylogenetic relationships of both Deronectes

and Ilybius species are documented, based largely on

mitochondrial cytochrome oxidase (COI) and 16s ribo-

somal DNA sequences (Ribera et al., 2001; Ribera &

Vogler, 2004). Species of both genera are generalist

predators, feeding benthically on a range of small aquatic

invertebrates, particularly dipteran larvae. Within a

genus, species have broadly similar general ecologies

and occupy similar habitats across their geographical

ranges, although taxa differ markedly in latitudinal range

size and position and thermal tolerance windows (Calosi

et al., 2010; P. Calosi, D.T. Bilton & J.I. Spicer personal

communications.).

Specimens’ collection, maintenance and preparation

Adult Deronectes and Ilybius were collected during spring

and summer 2006 (see Tables S1 and S2) by working a D-

Framed pond net (1 mm mesh, dimensions 20 · 25 cm)

along stream or pond banks. All species were collected as

close as possible to the central point of their known

latitudinal ranges, to avoid the possible confounding

effects of local adaptation in range-edge populations and

to ensure that data were comparable for each species

(Thompson et al., 1999; Calosi et al., 2008a,b, 2010).

Given the largely allopatric occurrence of many species,

and differences in the latitudinal position of their ranges,

it is not possible to sample all taxa from the same latitude.

Data on species’ geographical distributions were taken

from Fery & Nilsson (1993), Fery & Brancucci (1997) and

Fery & Hosseinie (1998). Latitudinal range extents (LREs)

were calculated as the difference (in degrees latitude)

between northern and southern distributional limits

(following Gaston, 1991, 1994), and latitudinal range

central points (LRCPs) were the mid-point of each

species’ LRE (see Tables S1 and S2).

After collection, individuals were transported to the

laboratory in plastic containers (vol. = 1 L) filled with

damp, aquatic vegetation, kept within thermally insu-

lated bags (Thermos�, Rolling Meadows, IL, USA). In the

laboratory, specimens were maintained in aerated artifi-

cial pond water [APW, pH 7.5, acidified using HCl

(ASTM, 1980)], distributed between a number of aquaria

(vol. = 5 L, max. 20 individuals per aquarium) on a

12 : 12 h L ⁄ D regime and fed chironomid larvae ad

libitum. No food was provided during experimental trials.

Aquaria were sealed with cling-film to reduce evapora-

tion and prevent escape. The maximum temperature

fluctuation of water among all aquaria over the acclima-

tion period was of 0.6 �C, measured with a maximum–

minimum thermometer (Jumbo Thermometer Oregon

Scientificª model EM899 ± 0.1 �C; Oregon Scientificª,

Portland, OR, USA). In an attempt to avoid possible

confounding effects of individuals’ recent environmental

thermal history, specimens were maintained under

identical, constant conditions in the laboratory prior to

experiments (e.g. Sokolova & Pörtner, 2001; Calosi et al.,

2008a,b, 2010). Each species was divided haphazardly

into two equal groups, acclimated to a temperature of

either 14.5 or 20.5 �C for 7 days (Calosi et al., 2008a,b,

2010). Temperatures were chosen to be within the range

experienced by Deronectes and Ilybius adults in the field

(D.T. Bilton, S. Fenoglio, A. Millan, P. Abellan & D.

Sanchez, personal observations) and also to avoid

extreme temperatures that could have acted (at least

for certain species) as pejus (worsening) temperatures

(see Pörtner, 2001, 2002; Woods & Harrison, 2002).

For individual beetles, we measured mean surfacing

frequency, mean surface bout length, mean dive bout

length and voluntary time submerged (VTS – surfacing

frequency · mean dive bout length) for both groups

acclimated and tested at the two different temperatures.

Further details on the quantification of the diving

response are given in Appendix S1. Mean surfacing

frequency, mean surface bout length, mean dive bout

length and mean VTS were determined for each species

at both acclimation temperatures (see Tables S3 and S4).

Data analysis

In order to characterize the effects of acclimation tem-

perature (14.5 and 20.5 �C), together with species and

genus membership, on diving behaviours, data were

analysed using two-way ANCOVASANCOVAS of individual values

(with body mass as a covariate; species nested within

genus), using log10 adjusted surfacing frequency, log10

mean surface bout length, log10 mean dive bout length

and mean VTS. Models were analysed both with and

without genus · temperature and species · temperature

interactions. Similar analyses were also conducted sep-

arately for each genus. All analyses were performed using

SPSSSPSS version 15.0 (IBM, New York, NY, USA).

Secondly, employing mean values for each species, we

tested for phylogenetic signal in log10 surfacing fre-

quency, log10 surface bout length, log10 dive bout length,

VTS and log10 body mass using the randomization test

described in the study by Blomberg et al. (2003). We also

report their K statistic as a measure of the strength of

phylogenetic signal. A K value of unity would indicate

that, averaged across the entire phylogeny, species tend

to resemble their relatives as much as would be expected

under a Brownian-motion model of trait evolution.

Values of K lower than unity can occur because of

adaptation of particular species (or groups of species) to

particular environmental conditions, sexual selection or

measurement error (Ives et al., 2007), including errors in

the phylogenetic topology and ⁄ or branch lengths. Values

of K greater than unity can occur when phylogenetic

clumping exists, e.g. if a particular clade (or clades) has

substantially larger or smaller values of a measured trait
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than other species in the analysis (see also Garland et al.,

2005).

Finally, in order to examine the relationships between

diving responses and biogeography, we used multiple

regression models to explore possible relationships

between dive characteristics (surfacing frequency, sur-

face bout length, dive bout length and VTS) and

latitudinal range extent and position. We computed

these regressions in three ways (see Garland et al., 2005;

Lavin et al., 2008; Gartner et al., 2010; Brischoux et al.,

2011; Oufiero et al., 2011): conventional (i.e. nonphylo-

genetic) ordinary least squares (OLS); phylogenetic gen-

eralized least squares (PGLS); and regression in which the

residuals of the model are modelled as having evolved via

an Ornstein–Uhlenbeck process (RegOU), intended to

mimic stabilizing selection. These three models form a

continuum between assuming a star phylogeny with no

hierarchical structure (OLS), a phylogeny as specified by

the user (PGLS) and something that can take on values

intermediate between the star and the specified hierar-

chical phylogeny (RegOU). The RegOU model contains

an additional parameter, d, that estimates the transfor-

mation of the phylogenetic tree (Lavin et al., 2008), and

hence, its fit can be compared with the OLS or GLS

models by a ln maximum-likelihood ratio test, where

twice the difference in the ln maximum likelihood is

assumed to be distributed asymptotically as a v2 with 1

degree of freedom (e.g. Oufiero et al., 2011). Similar tests

were used to compare the fit of models within the OLS,

PGLS or RegOU classes when they contained nested

subsets of independent variables. As a heuristic indicator

of model support, we report the Akaike Information

Criterion (AIC), using the smaller-is-better formulation

[AIC = ()2*ln maximum likelihood) + (2*No. of para-

meters)]. When comparing a set of models, nested or not,

the one with the lowest AIC is considered to be the best.

As a rule of thumb, models whose AIC is <2 units larger

can also be said to have substantial support (Burnham &

Anderson, 2002). Maximum likelihoods are used for

computing AIC and likelihood ratio tests, whereas REML

is used for estimating coefficients in the model, such as

the allometric scaling exponent. REML estimates of the

OU transformation parameter, d, are also reported. All of

the regression models were computed using the MATLABATLAB

REGRESSIONV2.MEGRESSIONV2.M program of Lavin et al. (2008). The OLS

models were also checked against output from SPSSSPSS

version 15.0. The same procedure described earlier was

also repeated substituting the factor ‘clade’ (genus) with

the factor ‘habitat’ (discriminating between lotic and

lentic species), but as models containing this factor

showed lower predictive power, only the set of analyses

including ‘clade’ as factor is reported.

The topology of the phylogenetic tree used for com-

parative analyses (Fig. S1) was modified from Ribera &

Vogler (2004), branch lengths being set using the

arbitrary method of Grafen (1989), in which each node

is at a depth from the tips of the tree that is one less than

the number of tips descending from it. Thus, for example,

the root of the tree is set at a depth of 24 for a set of 25 tip

species.

Finally, no significant correlation was found between

the number of individuals of each species examined and

the parameters examined here (all P values nonsignifi-

cant; Bonferroni correction applied), indicating that

interspecific differences in sample size did not influence

results.

Results

Individual data analysis

Deronectes and Ilybius combined
Surface time, dive time and adjusted surfacing frequency

differed greatly both between genera and among species

(minimum F1,39 = 8.772; P = 0.005), whereas VTS dif-

fered only marginally between genera and among species

(maximum F23,654 = 1.461; P = 0.076). At the higher

temperature, a significant decrease in dive time and a

significant increase in surfacing frequency were observed

(minimum F1,654 = 4.457; P = 0.035), whereas surface

time and VTS were not significantly affected (maximum

F1,654 = 0.137; P = 0.711). The response to temperature

was broadly similar in both genera (see also Fig. 1); no

statistically significant interactions between genus and

temperature were found for any measured trait (maxi-

mum F1,653 = 1.176; P = 0.279). Finally, body mass had

no significant effect on diving responses (maximum

F1,654 = 1.772; P = 0.184).

Within-genus analyses
When examined separately, the diving responses of

Deronectes and Ilybius responded differently to acclimation

temperature. Whereas species of Deronectes significantly

increased their surfacing frequency at the higher tem-

perature (F1,464 = 11.142; P = 0.001; Fig. 1), this trait

appeared almost temperature independent in Ilybus

species (F1,217 = 3.570; P = 0.060). Conversely, Ilybius

species showed a significant decrease in their dive time at

the higher temperature (F1,217 = 4.895; P = 0.028;

Fig. 1). In addition, in Deronectes, individual species

differed in the way their dive time, surfacing frequency

and VTS responded to temperature, as significant inter-

actions between species and temperature were found for

these traits (minimum F15,464 = 2.435; P = 0.002). In

contrast, in Ilybius, species only differed in the way their

surface time responded to temperature (F8,217 = 2.716;

P = 0.007). Again, no effect of body mass on any of the

four diving traits considered was found for Deronectes or

Ilybius (maximum F1,217 = 2.112; P = 0.148). In terms of

absolute values, Deronectes species differed significantly in

their surfacing frequency, dive and surface time and VTS

(minimum F15,464 = 3.803; P < 0.0001), whereas Ilybius

species differed only in dive time and surfacing frequency

(minimum F8,217 = 3.384; P = 0.001). Finally, interspe-
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cific variability for all dive traits appeared to be generally

higher in Deronectes than in Ilybius (see Fig. 1, Tables S3

and S4).

Phylogenetic signal

Adjusted surfacing frequency and VTS had significant

phylogenetic signal across the examined taxa (surfacing

frequency – P = 0.032 with K = 0.26 and P = 0.027 with

K = 0.28, at 14.5 and 20.5 �C, respectively; VTS –

P < 0.0001 with K = 0.55 and P = 0.002 with K = 0.39,

at 14.5 and 20.5 �C, respectively). In contrast, mean

surface time and mean dive time did not exhibit

significant phylogenetic signal (surface time – P = 0.326

with K = 0.16 and P = and 0.315 with K = 0.16, at 14.5

and 20.5 �C, respectively; dive time – P = 0.504 with

K = 0.014 and P = 0.345 with K = 0.16, at 14.5 and

20.5 �C, respectively). A highly significant phylogenetic

signal was found for body mass (P < 0.001), with a K

statistic of 2.66 and 2.50 at 14.5 and 20.5 �C, respec-

tively. This very large K value reflects the large difference

in body size (complete lack of overlap) between the two

genera (see Fig. 4, Tables S1 and S2).

Mean species data analysis

At 20.5 �C, surfacing frequency (negatively) and surface

time (positively) were significantly related to latitudinal

range extent and latitudinal range central point (Table 1

and Fig. 2). Also, VTS was significantly positively related

to latitudinal range extent at both 14.5 and 20.5 �C
(Table 1). However, strong differences between both

clades were found for surfacing frequency (generally

higher in Deronectes) and surface time, dive time and VTS

(generally higher in Ilybius) (see Table 1 and Fig. 3).

Likelihoods were higher for models including clade as an

independent variable for all diving responses considered

here (Table 1). Likelihood ratio tests indicated that

adding other candidate independent variables (log10

body mass, range size and range position) to a model

that included clade never resulted in a significantly

improved model for explaining the diving responses

examined at either temperature, with the exception of

mean dive time measured at 20.5 �C. The model for

mean dive time at 20.5 �C including log10 body mass,

clade and their interaction, was a significant improve-

ment compared with all other models (minimum

v2 = 6.19, d.f. = 2, P = 0.045; Table 1f, see also Fig. 4a).

Despite the strong effect of clade and its close association

with body mass, body mass was significantly related to

surface frequency, surface time and VTS at both temper-

atures (Table 1). At 14.5 �C, body mass was significantly

(negatively) related to dive time, but such relationship

was not statistically significant at 20.5 �C (Table 1 and

Fig. 4). For all models considered, the phylogenetic PGLS

and RegOU models never fit the data better than the

nonphylogenetic (OLS) model (Table 1). At 14.5 �C,

surfacing frequency, surface time and dive time were

0
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me
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me
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Deronectes Ilybius
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bout length 

Log10 surface
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surfacing
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surfacing
frequency

***

*

Fig. 1 Response to temperature in each of the diving responses separately for genus Deronectes and Ilybius: Log10 mean surface bout length (s);

log10 mean diving bout length (s); log10 mean adjusted surfacing frequency (No. of surfacing events per time); mean voluntary time submerged

(diving bout length*adjusted surfacing frequency; dimensionless). Note the log scale of the y-axis. Asterisks denote significant differences

between 14.5 �C (grey) and 20.5 �C (black) (P < 0.05; 1-way ANOVAANOVA, using a within-clade analysis on values for individual beetles). Data

points represent mean values for genus ± SE.
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not significantly related to latitudinal range extent and

latitudinal range central point, and the main predictor of

these diving components was still clade (Table 1). Con-

versely, at 20.5 �C, including latitudinal range extent and

latitudinal range central point resulted in better models

(lower AIC) for dive time, although the relationships

between dive time and latitudinal range were nonsignif-

icant (Table 1).

Discussion

Dive responses: the effects of temperature

Diving is a fundamental behaviour of dytiscid beetles,

which we explored here, using a convenient and

repeatable observational method and within a phyloge-

netically informed analytical context. Unsurprisingly, we

show that dytiscid beetles spend more time submerged

than on the surface. This pattern was found at both

acclimation temperatures tested here, with beetles

spending on average 84% of their time submerged and

only 16% on the surface-exchanging air. Consistent with

the notion that oxygen demand rises with increasing

temperatures (Ege, 1915; Kramer, 1988; Calosi et al.,

2007a), we show that individuals spend on average less

time submerged ()21.1%) at higher temperatures. How-

ever, they do not significantly modify the time they

spend on the surface (+1.9%). Exposure to higher

temperatures therefore leads to a shortening of the

average duration of a complete dive cycle ()19.5%),

and a shift in the average ratio of time submerged ⁄ time

surfacing (from 44.4 to 27.6), causing a substantial

change in the temporal structure of a dive cycle and a

significant increase in surfacing frequency.

Dive responses: allometric relationships

The ability of an organism to mount a thermal response is

primarily governed by its physiology and constrained by

the boundaries set by its morphology, life history and

phylogenetic history (Gould & Lewontin, 1979; Poff

et al., 2006). The two dytiscid genera that we studied are

(broadly speaking) similar in body shape and respiratory

mode, but differ greatly in body mass. However, body

mass does not consistently explain the differences in

thermal response observed between genera, neither for

phylogenetically controlled nor for nonphylogenetic

analyses. Halsey et al. (2006a) reported an overall slope

of 0.33 for the relationships between log10 mean body

mass (in Kg) and log10 mean dive or surface duration (in

min) in endothermic birds and mammals. In the beetles

studied here, the effect of body mass was weaker, slopes

being 0.20 for log10 mean dive duration and 0.26 for

log10 mean surface duration. Such results appear to

support the notion that the evolution of diving perfor-

mances and behaviour are in part determined by differ-

ences in metabolic rate or mode (i.e. ectothermy vs.

endothermy), as proposed by Brischoux et al. (2008),

although caution is necessary here given the different

phylogenetic scale at which these and other studies (e.g.

Schreer & Kovacs, 1997; Halsey et al., 2006a; Brischoux

et al., 2008) were conducted when compared with ours.

Nonetheless, given that diving responses were not

singularly governed by body mass, the oxygen store–
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Fig. 2 Relationships between (a–b) log10 mean surface bout length (s) and (c–d) log10 mean adjusted surfacing frequency (bouts h)1 ⁄ (h)1)
)1.124) with latitudinal range extension (LRE – � latitude) and latitudinal range central position (LRCP – � latitude) at 20.5 �C. Dotted lines show

nonphylogenetic ordinary least-squares linear regressions for all data. Open and closed circles represent Deronectes and Ilybius species,

respectively. Data points represent mean values for species.
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usage hypothesis does not appear to apply to diving

beetles. Such a result contrasts with what is observed in

endothermic vertebrate divers (Halsey et al., 2006b), but

is in line with observations on vertebrate ectotherms

(Brischoux et al., 2008).

Meeting increased oxygen demand at increasing
temperature

We have shown that the relative length of different parts

of a dive cycle, and surfacing frequency, shifts with

temperature in these insects. Differences among individ-

ual species notwithstanding, Deronectes and Ilybius were

shown to differ in the way they respond to changes in

temperature in their diving. In general, Deronectes species

increase access to surface air by increasing the frequency

of surfacing at higher temperatures, whereas the time

individuals spend on the surface remains unchanged. In

contrast, in Ilybius, the average time an individual spends

submerged decreases with temperature, whereas surfac-

ing frequency and surface time remain unchanged. This

suggests that these two genera differ in their respiratory

physiology, exhibiting what may be termed ‘multiple

solutions’ (sensu Bergmann & Irschick, 2010; Garland

et al., 2011). The fact that surfacing time does not

apparently change in response to temperature in these

insects could be due to strong selection to minimize the

time spent at the surface, thus also minimizing the risk of

fish predation (Kramer et al., 1983) and mite larval

attachment (Gerecke, 2006). It is interesting therefore

that mean surface time is one of the traits with the highest

level of interspecific variability. This most likely results

from differences in the size of the air stores of individual

taxa, as the surface time is most strongly related to VTS,

which is an integrative measure of dive time and

frequency. In addition, the degree to which air stores

function as physical gills, the species mass-corrected

metabolic rates and ⁄ or the degree to which species are
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Fig. 3 Between genera differences at 14.5 �C for (a) log10 surface bout length (s); (b) log10 diving bout length (s); (c) log10 adjusted

surfacing frequency (No. of surfacing events per time); (d) voluntary time submerged (log10 diving bout length*log10 surface bout length;

dimensionless). Open and closed circles represent Deronectes and Ilybius species, respectively. Data points represent mean values for species.
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chemically defended against vertebrate predators may

also play a role.

Our results also reveal for the first time that closely

related species of diving beetles differ in the way

fundamental components of the diving response are

affected by temperature, with Deronectes showing a higher

level of interspecific variation for these traits than Ilybius.

Deronectes taxa also show much greater variation in the

way their dive cycle changes with temperature. For

example, at higher temperatures, surfacing frequency

increased in Deronectes algibensis, but decreased in Dero-

nectes fairmairei. Recent ultrastructural work on Deronectes

and related genera (Madsen, 2008; Kehl & Dettner, 2009)

has revealed the presence of tracheated setae in these

insects, which apparently function as tracheal gills,

allowing the insects to remain submerged longer than if

they solely relied on their subelytral air store. These

tracheated setae are only fully functional in flowing

water (Madsen, 2008), and their contribution to an

individual’s gas exchange budget in standing water (as in

our experiments) is unclear. Despite this, interspecific

variation in the size and density of such structures, and

therefore the insect’s reliance upon them in standing

water, may account for some of the results observed.

Tracheated setae are absent in Ilybius species, which may

partly account for the lower level of interspecific

variability of dive components in this genus.

Genus vs. body mass

The model selection approach (Table 1) shows that genus

is the main predictor of the observed interspecific

variation in surfacing frequency and mean surface time,

thus reinforcing the idea that relatively discrete differ-

ences exist in the fundamental components of the diving

behaviour at a phylogenetic level. Genera differ in body

mass, and body mass showed the strongest phylogenetic

signal. When examined using mean species values, we

show that body mass and all diving responses examined,

except mean dive time at 20.5 �C, are significantly

related (Table 1 and Fig. 4). This contrasts with the

results of the analyses based on individual values, where

body mass was never found to be a good predictor of

diving components and performance. This discrepancy

may be explained by differences in the sign of the

relationship between body size and diving responses. For

example, intraspecific allometric relationships in the

water strider Gerris buenoi were found to differ from

those expected from interspecific studies (Klingenberg &

Spence, 1997). Furthermore, we demonstrate that rela-

tionships between body size and mean dive time and VTS

differ substantially for Deronectes (positive) and Ilybius

(negative). Given these variable correlations with body

size at different hierarchical levels, and that genera differ

in more respects than body size (e.g. thermal physiology

and presence ⁄ absence of specialized tracheated setae), it

is perhaps not surprisingly that genus (clade) is a better

predictor of diving behaviour than is body mass. More

generally, various previous phylogenetic comparative

studies have found that clade is often a good predictor

of variation in physiological traits, even when simulta-

neously accounting for statistical associations with body

size and ecological predictors (e.g. see Gartner et al.,

2010; Brischoux et al., 2011).

The diving response of species with differing
geographies

Our biogeographical analyses show that widespread taxa,

which are also more northern (Pearson’s correlation

r25 = 0.742, P < 0.0001; after phylogenetic transforma-

tion minimum r25 = 0.686, P < 0.0001), possess higher

mean surface time and VTS, and lower mean surfacing

frequency, as compared with their southern and more

narrowly distributed relatives. The fact that north-

ern ⁄ widespread species spend more time on the

surface-exchanging air may indicate that they exchange

their subelytral and tracheal air more thoroughly and ⁄ or
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Fig. 4 Between genera differences in allometric relationships with

log10 diving bout length (upper) and voluntary time submerged

(lower) at 20.5 �C. Full lines show nonphylogenetic ordinary least-

squares (ordinary least squares) linear regressions for all data. Open

and closed circles represent Deronectes and Ilybius species, respec-

tively. Data points represent mean values for species.
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they possess larger air stores (which take longer to fill).

The positive relationship between body mass and either

range size or position (minimum Pearson’s correlation

r25 = 0.425, P = 0.034) may support the idea of larger air

stores, as air stores are expected to vary isometrically

with body size (see Butler & Jones, 1982; but also above).

The fact that northern ⁄ widespread species also show

higher mean VTS (and a greater ability to maintain

constant VTS levels at the higher temperature) than their

southern ⁄ narrow distributed relatives is consistent with

the idea that widespread species may possess greater

diving performances, although the possibility that these

species have lower oxygen requirements and ⁄ or a greater

ability to rely on physical gills cannot be ruled out.

Different abilities to remain submerged in these aquatic

insects are likely to contribute to individual species

abilities to allocate energy to growth and reproduction

across a broader range of abiotic conditions and thus

directly influence ecological success of species (see in

Calow & Forbes, 1998; Spicer & Gaston, 1999) and

ultimately range expansion. In addition, respiratory

performance may underlie heat tolerance in aquatic

insects (Verberk & Bilton, 2011). In Deronectes, we have

already shown that thermal tolerance range is a strong

predictor of geographical range extent (Calosi et al.,

2010), and southern endemic species appear to be less

tolerant to heat and this trait to be less plastic when

compared with their northern widespread relatives (Ca-

losi et al., 2008a). The data presented here on Deronectes

and Ilybius suggest that aspects of their diving behaviour

may have also played an important role in determining

differences in post-glacial colonization success among

closely related species, perhaps acting together with their

basal thermal tolerance level and its plasticity.
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