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Abstract Ecological traits that reflect movement poten-
tial are often used as proxies for measured dispersal dis-
tances. Whether such traits reflect actual dispersal is often
untested. Such tests are important because maximum dis-
persal distances may not be achieved and many dispersal
events may be unsuccessful (without reproduction). For
insects, many habitat patches harbour ‘resident’ species that
are present as larvae (sedentary) and adults (winged and
dispersing), and ‘itinerant’ species present only as adults
that have dispersed from elsewhere and fail to reproduce.
We tested whether itinerancy patterns were temporally con-
sistent, and whether itinerant and resident species differed
in wing morphology, a strong correlate of flight capability.
Over 3 years and at multiple locations in a 22 km stream
length, we sampled larvae and adults of caddisflies in the
genus Ecnomus to categorize species as residents or itiner-
ants. Flight capacity was measured using wing size (length
and area) and shape parameters (aspect ratio and the sec-
ond moment of wing area). Three species of Ecnomus were
residents and three species were itinerants, and patterns
were consistent over 3 years. On average, itinerant species
had larger wings, suggesting a greater capacity to fly long
distances. Wing shape differed between species, but did
not differ systematically between residents and itinerants.
Wing morphology was associated with actual but not effec-
tive dispersal of some species of Ecnomus. Morphological
traits may have weak explanatory power for hypotheses
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regarding the demographic connectedness of populations,
unless accompanied by data demonstrating which dispers-
ers contribute new individuals to populations.
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Moment of area - Trichoptera - Wing morphology

Introduction

The spatial distribution of organisms across the landscape
is a function of the distribution, size and relative abun-
dance of suitable habitat patches, coupled with the capabil-
ity of organisms to disperse and colonize patches. Know-
ing how far and how often organisms disperse is necessary
to answer many ecological questions, for example in the
contexts of metapopulations, metacommunities,
sion ecology and biogeography. It is equally important,
for many questions, to know whether and when dispersal
results in populations that are connected demographically,
i.e. when dispersal is accompanied by successful reproduc-
tion. Despite the obvious importance of dispersal, there is
a paucity of information on dispersal rates, distances and
the demographic outcomes of dispersal for most species.
This constrains our ability to test many hypotheses directly.
In the context of demography, dispersal can be defined
broadly as the tendency of an organism to reproduce away
from its birth place (Levin et al. 2003), or the movement
of an organism from its place of origin to a place where
it reproduces or would reproduce if it survived and con-
ditions were suitable for reproduction (e.g. presence of
mates, nesting or egg-laying sites). ‘Actual dispersal’
describes movement of individuals irrespective of whether
reproduction occurs (e.g. inter-patch movement), whereas
‘effective dispersal’, a subset of actual dispersal, describes

inva-
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successful reproduction of an individual that has dispersed
(i.e. recruitment). Distinguishing between the two is impor-
tant ecologically. In the context of community assembly,
for example, the set of actual dispersers defines a regional
or geographical species pool, whereas effective dispersers
define the local species pool, i.e. the observable community
(Zobel 1992; Belyea and Lancaster 1999). The difference
between the two defines the set of potential colonists that
have been excluded from the local species pool by environ-
mental or biotic constraints.

Species with individuals that disperse to some loca-
tions without reproducing we call ‘itinerants’. In contrast,
‘residents’ are species that occur at the same locations
that reproduce successfully, and that may comprise both
dispersing and non-dispersing individuals. Note that our
focus is on the occurrence of dispersers at times and habi-
tat patches where reproduction or recruitment could occur;
we omit species, often referred to as itinerants, occurring
at non-breeding times or locations for other activities such
as migratory birds foraging at over-wintering grounds (e.g.
Morrison et al. 2013). Additionally, we distinguish between
itinerant and vagrant species in this study: vagrant indi-
viduals are typically outside their normal range and occur
only rarely and in very low numbers, whereas itinerants are
often numerous and occur frequently or regularly at poten-
tial breeding sites, but where they do not reproduce. Fol-
lowing these definitions, itinerants are species where some
individuals routinely move between habitat patches, but fail
to colonize some locations. Thus, in any habitat patch there
may be some dispersing individuals that originate from
local breeding populations (residents) and some from dis-
tant populations (itinerants). Numerous studies have docu-
mented species belonging to these categories across a range
of organisms and ecosystems, including insects (McCau-
ley 2006), birds (Schoener et al. 2005) and freshwater fish
(Humphries et al. 2008).

When considering the potential role of dispersal in popu-
lation and community dynamics, one approach is to explore
the differences between species that make some more likely
to colonize new habitat patches than others (e.g. Sakai et al.
2001). For example, an association between the morphol-
ogy and dispersal potential of wind-dispersed plant seeds
is well documented (Vittoz and Engler 2007). In this study,
we tested whether dispersing individuals of resident and
itinerant species have different morphological traits related
to dispersal potential, which we define as the capacity to
travel long distances. At any particular location, deter-
mining dispersal distances of resident species is difficult
because dispersing individuals could arise locally (i.e. very
short travel distances) or from distant populations. Itiner-
ants, however, must have travelled from elsewhere, and thus
are likely, on an average, to have travelled longer distances
than most residents; it follows that itinerant individuals
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should, on an average, have greater dispersal capabilities
than residents which should be reflected in differences in
dispersal-related morphology. However, this finding would
also show that traits associated with strong dispersal poten-
tial may not be associated with demographic outcomes. If
correct, this suggests that between-patch dispersal is not
necessarily evidence of demographic connectedness. Such
an outcome is ecologically important because many studies
that compare species based on their dispersal traits assume
implicitly that dispersal capability can be used to infer con-
nected populations (review: Lowe and McPeek 2014).

Many insects have larvae that are relatively sedentary
and restricted to patches of suitable habitat, and dispersal
occurs in the adult stage and involves flight between habi-
tat patches. Thus, itinerant insects can be defined as species
that are present as adults but not as larvae (i.e. no evidence
of successful reproduction), whereas residents are present
as both larvae and adults. Aquatic insects are model study
organisms in this context because typically larvae are long-
lived and restricted to the aquatic environment, whereas
adults are short-lived, terrestrial, winged and the major
dispersal stage. Larvae of lentic species (inhabiting stand-
ing waters such as ponds and lakes) have little potential to
colonize different water bodies [except via zoochory (Bil-
ton et al. 2001)], whereas larvae of lotic species (inhabit-
ing running waters of streams and rivers) could—theoreti-
cally—disperse downstream by drifting with the current.
Most genetic studies of dispersal in aquatic insect popula-
tions have shown, however, that flight is the major disper-
sal mechanism (e.g. Hughes 2007) and the aquatic stages
of many taxa may drift only rarely or travel short distances
(e.g. Schreiber 1995; Downes and Lancaster 2010; Lancas-
ter et al. 2011).

Flight distances are difficult to quantify directly in nat-
ural environments, especially for insect taxa with small-
bodied adults that are largely nocturnal or inhabit dense
vegetation. Alternatively, morphologic characters of wings
can provide proxy measures of flight capability, because
wings are high-lift structures and the magnitude of lift var-
ies with wing morphology. The diversity of wing morphol-
ogy among insect taxa is matched by functional divergence
in wing kinematics (wingbeat motions) and in the underly-
ing aerodynamics of flight (Dudley 2000). The importance
and suitability of wing size and shape for comparing flight
capability among species has been recognized for decades
(e.g. Weis-Fogh 1973; Ellington 1984a) even though many
aspects of the aerodynamics of insect flight remain unre-
solved (Dudley 2000; Floreano et al. 2010; Hedrick et al.
2015). Wing morphology cannot capture all aspects of
flight capability and species may differ in other traits (e.g.
kinematics, physiology, behaviour) that can influence flight,
especially if species are distantly related. Thus, it is prudent
to focus on species within a narrow phylogenetic range and
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thereby minimize the possibility that unmeasured traits
might confound interpretations based on wing morphology.
Quantifying morphological parameters is more practicable
than many other aspects of flight, and wing morphology
has been used to test various ecological and evolutionary
hypotheses regarding flight capability of diverse insects,
including Lepidoptera (Betts and Wooton 1988), Odonata
(Serrano-Meneses et al. 2008; Outomuro et al. 2013) and
Diptera (Ribak et al. 2009). However, there are few empiri-
cal tests using field data that demonstrate an association
between wing morphology and actual dispersal distances
(but see Sakar 2012). Such field tests are difficult to devise,
but are essential to determine the veracity of assumptions
underpinning tests that use putative dispersal traits to test
ecological hypotheses. For example, when considering the
flight or dispersal capabilities of any organism, it is impor-
tant to distinguish between the ‘dispersal distance’ and
the ‘travel distance’. We define dispersal distance as the
straight line or vector distance between a dispersing indi-
vidual’s place of origin to a place where it reproduces or
would reproduce if it survived and conditions were suitable
for reproduction; travel distance is the total path length an
individual travelled during a dispersal event, i.e. including
all the twists and turns. These definitions make clear that
an organism’s capability to travel long distances may not
necessarily be associated with a tendency to disperse long
distances.

The aims of this field study were to test whether mor-
phological traits of some aquatic insects that are currently
used to infer a capacity to fly long distances, differ between
itinerant and resident species, i.e. between species known
to have dispersed different average distances. If our results
support this hypothesis, then we would have provided a
field test confirming the oft-used assumption that disper-
sal traits (e.g. wing morphology) can be a proxy for travel
and dispersal distances. Simultaneously, however, the same
outcome would suggest that dispersal traits do not neces-
sarily indicate whether populations are connected demo-
graphically, and this raises important questions about
whether dispersal traits are suitable to address many eco-
logical questions. In this study, measures of wing morphol-
ogy comprised two gross parameters, wing area and length,
and two shape parameters, wing aspect ratio and the second
moment of wing area. These metrics reflect aspects of aero-
dynamic performance according to well-established models
of insect flapping flight (Weis-Fogh 1973; Ellington 1984a,
b). If itinerants are better dispersers than resident species
(i.e. have the capability to fly longer distances) then, on
an average, itinerants were expected to have larger wings
and/or wing shapes better suited for long-distance flight.
Before comparing wing morphologies, however, we must
first identify species that classify as residents and itiner-
ants, and evidence from multiple sites and times is required

to demonstrate that itinerancy patterns are persistent (the
absence of such evidence would suggest that itinerancy is
rare or unimportant). Tests of our hypothesis do not require
us to sample itinerants at locations where they are resi-
dents because we do not pose questions about the causes
or evolutionary origin of any potential differences between
species. In the text to follow, it is implicit that ‘resident
species’ refers to adults collected at sites where larvae are
present, ‘itinerant species’ refers to dispersing individuals
found at sites where there is no recruitment.

Methods
Study species, site and sampling protocols

Our study focused on species within a single genus of
Trichoptera, Ecnomus McLachalan (Ecnomidae). This
genus is diverse and widespread throughout Australia and
multiple species often co-occur (Cartwright 1990), thus
maximizing the possibility that several closely related spe-
cies would fit in each category, as required for hypothesis
tests. Our preliminary observations suggested that both
resident and itinerant species occurred in some locations,
as observed for Trichoptera in other systems (e.g. Sven-
sson 1974; Sode and Wiberg-Larsen 1993). Several spe-
cies of Ecnomus co-occurred in the study stream, suggest-
ing some similarities in habitat and resource requirements.
All reliable records of larvae of these species are from
running waters, suggesting that these species inhabit only
lotic environments (Atlas of Living Australia http://www.
ala.org.au/). The adults are small bodied (=1 cm length),
but large enough that flight occurs at high Reynolds num-
bers, Re > 10* (flight is aerodynamically different at low
Re). Ecnomid adults generally fly at night, but not during
cold or windy conditions. Wing venation and articulation is
almost identical for these species so there are unlikely to be
differences in wing movement, deformation and bending.
The net-spinning larvae of Ecnomus are omnivorous but
prey primarily upon invertebrates that become entangled
in the silken threads of the net (Chessman 1986; Lancaster
et al. 2009). In the study stream, larvae occur throughout
the year, the adult flight period is approximately 6 months
(November—April) and oviposition occurs throughout (see
also Macqueen and Downes 2015). These observations
suggest that these species may be bi- or multivoltine, have
weakly synchronized cohorts with long emergence periods,
overlapping generations, and perhaps relatively long-lived
adults (e.g. up to 2 weeks).

The study was carried out in 22 km length in the head-
waters of Hughes Creek, a sandy-bed stream in central
Victoria, south-eastern Australia. There were no major
tributaries along this length. Sample sites were in the upper
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reaches (36° 59’S; 145° 21'E) where the stream runs off
the granite batholith of the Strathbogie Ranges and before
reaching the floodplain of the Goulburn River. There were
12 sample sites (each site a 40 m channel length), at alti-
tudes ranging from 355 to 242 m ASL, and spaced on
average 1.6 km apart (range 0.6-3.7 km) along the study
length. Sampling multiple locations minimizes the risk that
results are unduly influenced by locations that are suitable
for adults but not larvae, and vice versa. Above our study
length, Hughes Creek becomes narrow and swampy and at
its most upstream area becomes a series of spring-fed pools
(>6 km from our most upstream sample site). The distance
between our most upstream site and the headwaters of the
nearest creek (Seven Creeks) is ~18 km in a straight line
and >60 km if dispersing individuals follow stream cor-
ridors. The nearest at least semi-permanent creek to our
most downstream site on Hughes Creek is ~16 km away
in a direct line (Creightons Creek). Detailed information on
channel morphology, physicochemistry, vegetation cover,
etc., is available elsewhere (e.g. Lancaster et al. 2009;
Downes et al. 2011; Lancaster and Downes 2015; Downes
et al. 2017). Longitudinal environmental gradients along
the study length included an increase in water temperature
accompanying increasing channel width, decreasing water
depth and reduced shade from a dwindling riparian zone.
The most upstream sites were located in areas with rela-
tively intact riparian vegetation and in a moderately well-
treed landscape, and within a few km of other creek head-
waters and freshwater springs. With distance downstream,
stream populations become increasingly isolated as the val-
ley in which the stream lies becomes incised and the land
is increasingly altered for grazing (e.g. loss of tree cover,
decreased riparian zone). Nevertheless, these environmen-
tal gradients limit the distribution of only a few species in
Hughes Creek (Lancaster and Downes 2017; Downes et al.
2017).

All sites were sampled in summer (January or February)
and during the breeding season in three consecutive years
(2013, 2014, 2015) to determine the relative abundance
of larval and adult Ecnomus, and to categorize species as
residents or itinerants. We have sampled benthic and adult
insects from this stream over multiple years and in multi-
ple seasons (references above and unpublished data), and
have observed no seasonal turnover in the presence/absence
of species as larvae and no species-specific variations in
flight period. Thus, we are confident that sampling larvae
and adults only in summer (middle of the flight period) is
adequate to describe the assemblage of Ecnomus spp. in
this stream. In this study, larvae and adults were collected
contemporaneously and within 1 week in the first 2 years;
in 2015 larvae were sampled 3 weeks later than adults, but
this time lag is unlikely to influence hypothesis tests. On
each occasion, larvae were collected with a Surber sampler
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(0.09 m?, 250 um mesh): 10 samples per site in 2013, 15
samples per site in 2014 and 2015. Samples were located
within each of the 12 sites according to a random stratified
design, with roughly one quarter of the samples located
within each 10 m segment of the 40 m site. Samples were
composited and then subsampled to provide a single esti-
mate of larval densities per site. Composited samples of
invertebrates were split into 100 aliquots using a sample
splitter (Marchant 1988), and 20 aliquots were selected
at random for enumeration. Invertebrates were sorted
under a stereomicroscope and all third to fifth instar lar-
val Ecnomus were identified to species (early instars can-
not be identified to species with confidence) (Cartwright
1997). Adult caddisflies active locally at each site were
sampled using light traps placed at the water’s edge and
within the flight boundary layer, where flight is intention-
ally directed and wind-assisted dispersal is rare (Dudley
2000). All individuals were sexed and identified to species
(Neboiss 1986; Cartwright 1990). All 12 sites were sam-
pled in 2013 and 2014; only eight sites were sampled in
2015 (see “Results”). Light traps comprised a white, plas-
tic tray (28 x 22 x 5 cm) with 70% ethanol to a depth of
approximately 1.5 cm. A fluorescent, ultraviolet blacklight
(6 Watt, 12V, 225-mm long tube) was laid across the top of
the tray, which was placed inside a black plastic tub (diam-
eter = 39 cm; height = 32 cm). This ensured that light did
not spill sideways but was directed upwards to attract only
insects flying nearby (Collier and Smith 1998). Because
the efficacy of light traps is sensitive to insect responses
to daily weather variations, the number of traps deployed
and number of trapping nights required to collect adequate
numbers of insects varied between sites. In 2013, three
traps were deployed at each site for 2 h, beginning 30 min
before sunset. In 2014 and 2015, trapping intensity was
increased as required by the weather (more traps or more
nights per site) to ensure large sample sizes. Because com-
parisons of abundance data across years and sample sites
focused on species relative abundances, differences in the
number of specimens collected are unimportant.

Morphological measurements

Analyses of comparative wing morphology focused on
two gross parameters or first-order descriptions of mor-
phology, wing area and wing length (or wing span), and
on two shape parameters or second order descriptions,
wing aspect ratio (AR) and the non-dimensional radius
of the second moment of wing area, 7, (S). In general, lift
forces (and hence flight capability) increase with wing
size (span; area). In terms of wing shape, high AR reflects
slender wing shapes, which are associated with power
economy and extended flight, whereas broad wings have
a low AR, which favours slow, agile flight (Betts and
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Wooton 1988; Dudley 2000). Values of 7,(S) are low for
wings that have broad bases and narrow tips and values
increase as the broadest part of the wing shifts towards the
tip. Wings with very broad tips and high 7,(S) may con-
fer agility and maneuverability, but also increase the ener-
getic power required for flight (Ellington 1984b). Con-
versely, wings with lower values of 7,(S) (broad bases, or
leading and trailing edges that are approximately parallel)
may be better suited for extended or long-distance flight.
These parameters have all been used successfully to com-
pare flight capability among various insect species (refer-
ences above). We did not measure wing loading because
this parameter is more closely related to flight speed not
flight distance (Dudley 2000). Furthermore, interpreting
wing loading in terms of species’ relative flight capacity
can be difficult without information on the relative con-
tribution of different tissues to total body mass (e.g. flight
muscle, fat body, cuticle).

One pair of fore and hind wings were removed from
each insect, mounted on a microscope slide and a digital
image produced. Wings were oriented so that wing span
or maximum wing length was horizontal and perpendicu-
lar to the longitudinal axis of the insect body (Fig. 1) and
the hind wing was oriented in the coupled position (Stocks
2010). Wing measurements were carried out on digital
images of coupled wing pairs in planform (the orientation
of wings during the down stroke and the generation of lift
forces) and using the software ImageJ 1.49 s (Rasband
1997-2012). There were five replicates for each species/
sex combination, except measurements of wing length
where N = 12. Replicate specimens were selected from
a wide range of year/site combinations to avoid inadvert-
ently selecting closely related individuals. Wing length, R,
is the distance from the wing base to the tip of the fore
wing. Wing area, S, was measured directly in ImageJ and
multiplied by 2 to account for both pairs of wings.

Wing aspect ratio (AR) is a non-dimensional representa-
tion of wing shape describing the wing length relative to its
width, and is calculated as:

4R
=

The moments of wing area indicate how the area is distrib-
uted along the wing length, or the shape of the wing in plan-
form. The second moment of wing area and its non-dimen-
sional radius was calculated following Ellington (1984a). The
kth moment of wing area, S, requires measurements of the
wing chord, c, at various distances or radii, r, along the wing
span, R, (Fig. 1) and is described by the equation:

R
Sy = 2/crkdr.
0

AR

Fig. 1 Outline of a coupled wing pair showing variables measured
and used to measure wing shape. R is wing span (forewing length),
r; is the wing radius or distance from the wing base to the chord c;,
which is perpendicular to R and measured as the distance from the
leading to the trailing edge of the coupled wings

For a given wing span and area, the moments of area
depend only on the distribution of chord lengths along the
wing. For each coupled wing pair, 50 measures of r and c,
spaced evenly along R, were used to calculate moments of
wing area, using the equation above. The non-dimensional
radii of the moments of wing area provide parameters of
shape that can be compared between taxa and are calcu-
lated as:

hom i 3
SRF
According to Weis-Fogh (1973), in a quasi-steady model
of flight the second moment of wing area, 7(S), is pro-
portional to the mean lift force of the wings, and the third
moment, 7 (S), is proportional to the mean profile power.
Because the first three moments of wing area (k = 1, 2, 3)
are strongly correlated (Ellington 1984a), it is sufficient
to focus on one moment of area for the purpose of species
comparisons, and we focus on 7, (S).

Statistical analyses

Differences between species and sexes in wing size and
shape were tested using two-way ANOVA (species and
sexes as orthogonal fixed factors). These tests were fol-
lowed by a priori, pair-wise comparisons (Sokal and Rohlf
1981) testing for differences between groups of species that
were categorized as residents and itinerants. All species
were sexually dimorphic (see “Results”) so pair-wise com-
parisons were conducted separately for each sex and within
the interaction (i.e. Species x Sex) term. These compari-
sons thus used the mean square error to create the tests—
this is appropriate because species is a fixed (not random)
factor. Although samples were collected over multiple sites
and years, site and year are not factors of interest to our
hypothesis tests and were not included in the analyses.
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For each species and year, sex ratios were calculated using
specimens pooled over all sites, and differences between
species were tested using one-way ANOVA with years as
replicates. This test was followed by a priori, pair-wise com-
parisons testing for differences between groups of species
that were categorized as residents and itinerants. Data were
arcsine square-root transformed before analysis, as is appro-
priate for data that are proportions (Sokal and Rohlf 1981).

Results

Seven species of Ecnomus were collected in the 22 km
length of Hughes Creek; three residents, three itiner-
ants and one vagrant species. Relative abundances varied
along the longitudinal stream gradient and patterns were
broadly the same in each year (Table 1). The three resi-
dent species, E. continentalis Ulmer, E. pansus Neboiss

Table 1 In three consecutive years, species relative abundances for adults (A) and larvae (L, 3rd, 4th and 5th instars) along the stream gradient

(Site 1 = most upstream; Site 12 = most downstream)

Year Site

> E. pansus

N

> E. myallensis
T E. tillyardi
T E. turgidus
T E. myallensis

T E. pansus

396/39
395/22
632/66
410/179

2013 1
2
3
4
5 32/147
6
7
8

+
O O O|™ E. cygnitus

+
O O O O|* E. russellius

@)

21/73

10/22

105/99

9 870/153
10 462/89
11 1019/39
12 396/67

O

+

O0O00O0
+ +
+ o+
+ o+

+
+
+

115/8
34/11
86/24
644/25

2014 1
2
3
4
5 250/20
6
7
8

O

548/30

714/4
1585/23

9 371/33
10 256/3
11 211/8
12 265/30

000000000000 000000000 O O O & [ continentalis

00000000

++ + 0+ 000+ 0O
++000++ 0000 +
O0O0O+0000CCe0®

125/25
387/28
223/25
1953/43
2017/87

/20

/3
286/47
9 551/58
10 /10
11 /8
12 74428 @ O + +

2015

00000
++ +0
+ + OO0
OO +
cooeeo

0 NN AW~

+ O
+ O
+

( X
+

0 0 @ @ |” L tillyardi

+ + O O|” E. wrgidus
+ O O @ 0|7 E. cygnitus
+ | E. russellius

+ o+
000000000000 000000000 O O O " continentalis
OO0OO0OO0OO0O 060
coee O (]

[ONoNONoNONONONONONONONG

+ 0000
ceee

+ O
00000000OCGCOGOCGCOS
OO0 000

+

Symbols reflect relative abundance at each site: @ > 30%, @ 10-29%, O 1-9%,+ < 1%. N = number of adults collected/larval density (m~2) at
each site. Adults were not collected from sites 6, 7, 10 and 11 in 2015 (grey cells)
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and E. cygnitus Neboiss, were present as both larvae and
adults. Ecnomus continentalis was numerically dominant
at most sites; E. cygnitus was more abundant at upstream
sites, whereas E. pansus was more abundant downstream.
These patterns are consistent with previous research on
Hughes Creek and another nearby river (Seven Creeks),
which also showed an association between larval and
adult abundances for E. continentalis and E. pansus (no
information on E. cygnitis: Downes et al. 2017). The
three itinerants, E. russellius Neboiss, E. tillyardi Mosely
and E. turgidus Neboiss, were present as adults, but never
as larvae. The only exception was E. russellius where one
larva was found in each of 2013 and 2014, and three lar-
vae in 2015. In contrast, adults of this species were col-
lected every year, in multiple locations and often in large
numbers. Thus, E. russellius may very occasionally colo-
nize upstream sites, but recruitment appears to be exceed-
ingly rare. Itinerants were most abundant at upstream
locations where they could comprise over 50% of the
adult assemblage. However, itinerants were present at all
sites and occasionally were plentiful at sites that were
most distant from headwaters. Ecnomus tillyardi was the
most abundant itinerant species. Only one adult speci-
men of E. myallensis Cartwright was collected over the
3 years (Site 12, 2014) and it appears to be a true vagrant.

Sex ratios differed between species with either
equal numbers of males and females, or more females
than males caught over the 3 years (Fig. 2). Differ-
ences between species were statistically significant
(Fs1p = 4.84, P = 0.012), but pair-wise contrasts

Residents

Itinerants
il

0.7 -

Proportion of females

E. russellius

E. tilyardi

E. turgidus

E. continentalis
E. pansus

E. cygritus

Fig. 2 Number of females expressed as a proportion of the total
adult catch of each species summed over the 12 sample sites. Bars
are means (£SE) of the 3 years. The dashed line represents an equal
sex ratio. Species grouped according to classification as residents or
itinerants (see text for explanation)

revealed no difference in sex ratios between resident and
itinerant species (F 1, = 1.96, P = 0.187).

All species were sexually dimorphic with respect to all
measures of wing size and shape (Table 2; Figs. 3a, 4).
Relative to males, females were generally larger (longer
wings and larger wing area) and had slender wings with
low lift force and energy-efficient flight (high AR, low
72(S)). There were significant differences between spe-
cies in all measures of wing size and shape (Table 2;
Figs. 3a, 4), but wing shapes of species within the genus
Ecnomus were very similar to one another compared
with caddisflies from other families (Fig. 3). Within
each species/sex combination, coefficients of variation
in shape, 7 (S), were very low and typically <1%. Shape
and size parameters were correlated across species/
sex combinations suggesting that shape did not change

Table 2 Summary of two-way ANOVA testing whether wing shape
(aspect ratio, 7 (S)) and wing size (span, area) differ between species
and sexes, followed by a priori pair-wise comparisons, within each
sex, testing for differences between resident and itinerant species (R

vs )

Metric Effect df MS F P
Aspect ratio, Species 5 0211 11.0  <0.0001
R*=0.63

Sex 1 0.370 19.2  <0.0001
Species x sex 5 0.0043 0.222 0.951
R vs I Female 1 0.0074 0.384 0.538
R vs I Male 1 0.0625 3.253 0.078
Error 48 0.0192

#(S), R* = 0.45 Species 5 48 x 107 3776  0.006
Sex 1 1.5x107* 120 0.001
Species x sex 5 13 x 107  1.03 0.409
RvsIfemale 1 52x 107 0.0004 0.983
R vs I male 1 78 x 107 0.006 0.940
Error 48 13 x 1073

Span, R* = 0.78 Species 5 5.10 48.6  <0.001
Sex 1 205 196 <0.001
Species x sex 5 0.653 6.22 <0.001
R vs I female 1 3.11 29.6 <0.001
R vs I male 1 8.27 78.8 <0.001
Error 132 0.105

Area, R =0.83 Species 5 129 212 <0.001
Sex 1 612 100 <0.001
Species x sex 5 279 4.56 0.002
R vs I female 1 862 14.1 <0.001
R vs I male 1 91.0 14.9 <0.001
Error 48 6.11

Aspect ratio, 72(S) and area were calculated for two coupled wing
pairs with N = 5 for each species/sex combination; span for a single
coupled wing pair with N = 12 for each species/sex combination. See
Fig. 3 for illustration
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a E. cygnitus E. russellius

Fig. 3 Outlines of coupled wings of various species of Trichoptera. a
Overlain outlines of males (grey) and females (black) of two species
of Ecnomus, drawn to scale, to illustrate differences in shape and size.
Ecnomus russellius (solid colours) was the largest species and has
potentially the strongest flight performance within this genus (female
AR = 6.16, 7»(S) = 0.533); E. cygnitus (striped colours) was the
smallest species and has potentially the weakest flight performance
(male AR = 5.64, 7,(S) = 0.540). To contrast wing shapes of Ecno-
mus with other Trichoptera, outlines of coupled wings of males from
two different families (not drawn to scale): b Triplectides ciuskus
ciuskus (Leptoceridae) (AR = 5.74, 72(S) = 0.489) and ¢ Asmicridea
edwardsi (Hydropsychidae) (AR = 3.49, 72(S) = 0.509)

independently of size (Table 3). The directions of these
correlations indicate that changes in shape that facilitate
long-distance flight were accompanied by an increase in
wing size, which also increases flight capability. Com-
paring species groups, resident and itinerant species did
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Fig. 4 Mean (£SE) a wing aspect ratio, b the second moment of
wing area, 7 (S), ¢ wing length and d area for coupled wing pairs
of adult caddisflies of each species grouped according to sex and
whether species were classified as residents or itinerants (see text for
explanation). a, b and d were calculated for two coupled wing pairs
with N = 5 for each species/sex combination; ¢ measured for a single
coupled wing pair with N = 12 for each species/sex combination. See
Table 1 for summary of statistical analyses
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Table 3 Summary of correlation coefficients (Pearson product-
moment) between different wing parameters across all species and
sexes

Parameter R S AR

S 0.764

AR 0.559 0.495

72(8) —0.348 —0.413 —0.555

In all tests df = 58 and all tests were statistically significant at
P<0.01

not differ in wing shape (no difference in AR or 7,(S)
between groups), but did differ significantly in wing size
(Table 2): itinerants had longer wings and larger wing
areas, suggesting a capacity to fly longer distances than
residents.

Discussion

Itinerant species were more likely than residents to have
morphological traits associated with a capacity for long-
distance flight in congeneric species of caddisfly (genus
Ecnomus). This is consistent with the notion that inter-
patch movement may be common for itinerants, even
though they fail to colonize some locations. Dispersal traits
that describe flight capability appeared to be associated
with actual dispersal distances for these species because
itinerants would have had to travel and to disperse longer
distances—on average—than residents. Many itinerants
were found at our upstream sites even though the closest
stream across the catchment boundary was 18 km away in a
straight line or >60 km if adults fly along stream corridors.
In contrast, adults of resident species that completed their
larval life in Hughes Creek could access many suitable ovi-
position sites in the same stream (Macqueen and Downes
2015) with much shorter flight distances. Our results thus
show that commonly used measures of dispersal poten-
tial were associated with individuals that, on average, had
to have travelled longer distances. These differences were
clear-cut (statistical tests all with P values <0.001) even
though the necessity to use closely related species (see
“Introduction”) resulted in fairly small sample sizes. This is
an encouraging outcome because it demonstrates that wing
morphology can be linked to dispersal capacity for some
insects, including aquatic insects (see also Kovats et al.
1996). Such evidence is valuable because measuring actual
flight distances in nature is difficult for most insect groups
(although more tractable for some, such as the Lepidoptera,
Stevens et al. 2010).

Dispersal events by itinerant species have no demo-
graphic outcomes in Hughes Creek and hence the

morphological traits were not associated with effective dis-
persal in this system. Theoretically, some of these individu-
als may continue dispersing to other locations and repro-
duce successfully. This is the first study, to our knowledge,
to demonstrate a link between itinerancy and dispersal
potential. The implication is that it may be inappropriate to
use dispersal traits to make inferences about whether insect
populations are connected demographically, a matter that
has concerned some researchers (Lowe and McPeek 2014),
but data to illustrate the problem are scarce. Why do itin-
erants exist if individuals may be demographic dead ends?
Itinerant individuals may have zero fitness, but in a life his-
tory context, some long-distance dispersers may be suc-
cessful, allowing populations to exploit new habitats and
maintain connectivity within metapopulations. For itiner-
ants, many dispersal events may be unsuccessful or some
individuals may visit multiple habitat patches before ovipo-
sition occurs (Svensson 1998; Conrad et al. 1999). Among
aquatic insects at least, itinerancy may be associated with
the rapid colonization of new or restored aquatic habitats
(Miller et al. 2010).

Itinerancy may be more widespread and common than
ecologist has appreciated hitherto and it appears to be com-
mon among aquatic insects (e.g. Waringer 1991; McCau-
ley 2006). Within the Trichoptera, itinerancy is not unique
to the family Ecnomidae [of the 68 species in 15 families
of Trichoptera identified in Hughes Creek in 2013-2014,
at least seven species across four families were itinerants
(unpublished data)], and itinerancy has been observed in
other taxonomically diverse caddisfly assemblages (Sven-
sson 1974; Sode and Wiberg-Larsen 1993). Itinerancy
patterns can be persistent: for species of Ecnomus we
observed the same pattern in Hughes Creek over three con-
secutive years (the same species classifying as residents or
itinerants) and the same pattern occurred 5 years earlier in
Hughes Creek and a nearby stream (Downes et al. 2017). It
is unclear why these itinerant species fail to recruit in this
system and this requires a separate investigation, but we are
confident that our samples would have collected their lar-
vae had they been present.

Flight capability is a function of both wing size and
shape so whether itinerants are capable of flying longer dis-
tances than residents depends on the relative contributions
of these factors to flight. Size and shape variables were cor-
related in for these species of Ecnomus and the correlation
directions indicated that increased wing size was generally
accompanied by shape changes that also facilitate long dis-
tance flight capability. The magnitudes of interspecific dif-
ferences were greater for wing size than shape. For exam-
ple, comparing wing lengths of the two species with the
longest and shortest wings revealed a 1.3x difference for
males, and 1.15x for females. In contrast, differences in
72(S) were much smaller at 1.015x for males and 1.007 x
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for females. As shown by Weis-Fogh (1973) and Ellington
(1984Db), the lift forces of wings increase in proportion to
R? (the cubic power of wing length), but increase only lin-
early with shape parameters. Thus, within the genus Ecno-
mus, small changes in wing length may result in substantial
changes in flight capability, relative to changes in shape
parameters of similar magnitude. This may not be true for
taxonomically more diverse groups of caddisflies where
wing size and shape may not be correlated, wing shapes
may be more diverse, and where other taxon-specific fac-
tors may influence flight capability (Ivanov 1986, 1989,
1990).

Sexual dimorphism and sex-biased dispersal is common
among insects, but the nature of such sex-biases did not differ
between itinerant and resident species in this study. Among
aquatic insects, empirical evidence suggests that females
disperse farther than males in some Ephemeroptera (Cau-
dill 2003; Hughes 2007) and some Odonata (Beirinckx et al.
2006), whereas some male Plecoptera disperse farther than
females (Kuusela and Huusko 1996). Based on wing mor-
phology, our results suggest that female Ecnomus may have
the potential to travel longer distances than males. Addition-
ally, although females significantly outnumbered the males
trapped for some species, sex ratios in the samples did not
differ between resident and itinerant species, as expected if
actual dispersal distances were greater for females. Female-
biased samples of caddisflies at light traps occurs in other
species and the possible explanations include sex-specific
attraction to UV lights, reproductive behaviours, habitat use,
or simply that females may live longer than males (Svensson
1974; Kovats et al. 1996; Petersen et al. 1999).

Evidence that a capacity to travel long distances is
associated with actual dispersal distances is an impor-
tant step forward in assessing the utility of morphologi-
cal parameters as dispersal traits. However, other spe-
cies-specific traits or behaviours may simultaneously
influence dispersal distances in diverse ways and may be
influenced by diverse selection gradients (Duputié and
Massol 2013). Disentangling how various traits interact
and the demographic consequences for certain trait com-
binations requires further research. For example, for cad-
disflies (and many other taxa), we do not know whether
traits reflecting flight potential and flight direction are
correlated. Many insects, including some caddisflies,
can travel long distances during mating and swarming,
but remain within a relatively small area (Gullefors and
Petersson 1993), suggesting that travel and dispersal
distances may not be correlated for some species. Thus,
morphological traits may suggest strong dispersal poten-
tial for some species that actually have low rates of inter-
patch movement and various selection gradients can lead
to such behaviourally constrained dispersal (Murrell et al.
2002). Similarly, many insects travel primarily along
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stream corridors, whereas other are more likely to fly
laterally away from river channels (Svensson 1974), pro-
vided that stream valleys are not deeply incised (Hughes
et al. 1999). It is plausible that itinerants are more likely
to disperse laterally away from streams and have high
inter-patch movement rates, whereas species that strongly
favour dispersal along river corridors are more likely to
be classified as residents and rarely move between catch-
ments or discretely different habitat patches. Among the
resident species, E. continentalis had the strongest dis-
persal potential and was abundant throughout the 22 km
length of the study stream. In contrast, the two residents
with weaker flight capability, E. cygnitus and E. pansus,
were restricted to shorter stream lengths. A field experi-
ment also suggested that E. cygnitus tends to remain in
upstream areas (Lancaster and Downes 2017). We do not
know where larvae of itinerant Ecnomus occur in this
landscape, and that requires a separate investigation.
Overall, our results suggest that morphological traits
may be useful in determining the relative capacity of con-
generic species to make inter-patch movements and hence
the relative probability that species have the capacity to
change spatial distribution or to colonize new or restored
habitat patches. On their own, however, these morphologi-
cal traits may mislead about the degree of demographic
connectedness of populations. Stronger inferences may
require that morphological parameters are coupled with
other dispersal traits (e.g. flight direction) and with infor-
mation on recruitment or reproductive success. Our data
show that itinerants are not necessarily rare and may com-
prise a consistently high proportion of dispersing individu-
als. In such cases, dispersal traits coupled with numbers of
individuals sampled in different locations are insufficient to
deduce the exact role dispersal plays in connecting popu-
lations. Many studies of aquatic insect metacommunities
are based on analyses of survey data of larvae coupled
with putative dispersal traits of adults, and this approach is
clearly problematic if traits do not reflect effective disper-
sal, i.e. populations that are not demographically connected
(Verberk et al. 2013). It is necessary to collect complemen-
tary data that demonstrate which dispersers are successful
at contributing individuals to habitat patches, and which are
not. Only then will we be able to disentangle the roles that
dispersal plays in metapopulations and metacommunities.
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