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Abstract

Taxonomy is undoubtedly complementary to other fields in biology such as ecology, and both ecologists and taxonomists 
increasingly acknowledge that they can profit from phylogenetic ecology or ecological phylogeny, respectively. 
However, such mutual relations between these disciplines are constrained by traditional focuses on different operational 
scales: taxonomists are more familiar with large scales (e.g., global, continental, many species of a given clade), whereas 
ecologists are more familiar with small scales (regional, ecosystems, habitats, few species of a given clade). To foster 
mutually fruitful, 2-way exchanges between taxonomy and ecology at such smaller scales requires assessments of the 
small-scale performance of taxonomic practices so far used at larger scales. Such assessments are the objective of this 
study. To combine quantified ecology and phylogeny at the smaller scale, we designed a research project using 9 species 
of Hydropsyche (Trichoptera) from the Loire River (i.e., we focus on the regional scale). Here, we tried to unravel the 
phylogenetic relationships of this regional set of species using (1) many different characters (molecular and 
morphological characters of larvae and adults), (2) taxonomic congruence instead of total evidence (as the former 
provides more opportunities for future research on links between different data sets), and (3) an explicit data matrix and 
analysis methods that are commonly recommended for phylogenetic studies (e.g., maximum parsimony, maximum 
likelihood, bootstrapping), and we also included traditional, parsimonious, phylogenetic reasoning. Combining these 
elements, we obtained the following information for the regional Hydropsyche representatives from the Loire: (1) 
phylogenetic clusters of the species, (2) phylogenetic distances among the species, and (3) phylogenetic polarities of 
characters (plesio- to apomorphies) in the species tree. For our future ecological studies, this will enable (1) 
establishment of priorities in species selections for experimental approaches, (2) establishment of relationships between 
ecological and phylogenetic distances, and (3) interpretation of ecological response gradients across the species in the 
context of evolutionary processes such as adaptation, niche conservatism, or fitness. These future ecological studies will 
provide elements that in turn should be useful for taxonomists wishing to include small-scale ecological data into their 
analyses.
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Introduction

Particularly in its larger sense (including phylogenetic systematics), taxonomy is undoubtedly complementary 
to other fields in biology such as ecology or developmental biology (Wheeler 2007), and proponents of these 
other fields acknowledge fruitful 2-way exchanges with taxonomy (Minelli 2007). For example, ecologists are 
increasingly aware that evolutionary processes and thus phylogenetic relationships underlie many ecological 
patterns (e.g., Ackerly & Donoghue 1995, Poff et al. 2006, Webb et al. 2002, 2006, Agrawal et al. 2009, 
Cavender-Bares et al. 2009). Likewise, taxonomists make increasingly use of ecological data to complement 
phylogenetic analyses (e.g., Freeman 2000, Nylin et al. 2001, Kaila & Stahls 2006, Sharkey 2007, Pauls et al.
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2008). Thus, ecologists and taxonomists recognize that they can profit from phylogenetic ecology or 
ecological phylogeny, respectively (e.g., Westoby 2006).

Prerequisite for such mutual relations between ecology and taxonomy is (at least) a basic understanding of 
the key controversies in the other discipline. For example, in ecology there is debate about historical versus 
actual or deterministic versus neutral processes (e.g., Ricklefs 2006, Cavender-Bares et al. 2009), which in 
turn have implications for taxonomists making use of ecology. Likewise, in taxonomy there is debate about 
the use of characters (molecular versus morphology) and analytical methods (taxonomic congruence versus 
total evidence, abduction versus parsimony versus likelihood) (Eernisse & Kluge 1993, Littlewood et al.
2004, Fitzhugh 2006, Yeates et al. 2007, Wheeler 2007), which in turn have implications for ecologists 
making use of taxonomy.

Furthermore, the operational scale constrains research that would progress both ecology and taxonomy. 
Operating at large spatial scales (e.g., global, continental) would involve many taxa, a well-resolved 
phylogeny of those taxa, and knowledge of ecological traits of these taxa (e.g., Westoby 2006). Such large-
scale approaches are familiar to taxonomists, who often study as many taxa as possible to obtain a picture as 
complete as possible of the clade of interest (e.g., Nylin et al. 2001, Kaila & Stahls 2006, Yeates et al. 2007). 
In contrast, such large-scale approaches are less familiar to ecologists, who only begin to order relatively 
fuzzy information on multiple ecological and biological traits for many taxa in large databases (e.g., Lips et al.
2003, Ezenwa et al. 2006, Statzner et al. 2007) or limit their contribution to a few, better-known traits that are 
often related to feeding ecology (e.g., Freeman 2000, Kaila & Stahls 2006, Pauls et al. 2008) or case-building 
biology (e.g., Stuart & Currie 2001, Bucheli et al. 2002). Thus, at larger scales, experience, tools, and 
knowledge in taxonomy are more advanced than in ecology. These positions are inversed when studying 
smaller scales (e.g., regions, ecosystems, habitats). These are familiar scales to ecologists, who often quantify 
ecological patterns and processes in detailed comparative studies. Such studies would profit from knowledge 
of the phylogenetic relationships and particularly the phylogenetic distances and polarities among the species 
in these smaller systems, i.e., comparative ecology of co-existing species would be significantly enriched by 
phylogenetic considerations (e.g., Ackerly & Donoghue 1995, Cavender-Bares et al. 2009). Because species 
occurring at these smaller spatial scales typically represent a relatively small proportion of a given clade, such 
scales are obviously of limited interest for taxonomists. This is unfortunate, as they miss the opportunity to 
include detailed quantitative ecological information in their phylogenetic analyses. To apply such small-scale 
approaches, however, requires assessments of the small-scale performance of taxonomic practices so far used 
at larger scales. Such assessments are the objective of this study.

To combine quantified ecology and phylogeny at the smaller scale, we designed a research project using 
species of Hydropsyche (Trichoptera) from the Loire River (i.e., we focus on the regional scale here). Large 
European rivers (including the Loire) have relatively many Hydropsyche species that differ more or less in 
their longitudinal distribution, including co-existence in river sites or habitats (e.g., Hildrew & Edington 1979, 
Higler & Tolkamp 1983, Tachet et al. 1992, Ivol et al. 1997). Species living in different river sections differ in 
traits such as velocity preference, temperature dependence as related to respiration, or filter net-building (rate, 
mesh size) in correspondence with generally occurring downstream gradients in the environment (e.g., 
Hildrew & Edington 1979, Pierrot 1984, Roux et al. 1992, Tachet et al. 1992, Guinand et al. 1994). Thus, 
research on Hydropsyche from the Loire could provide multiple, detailed quantified ecological distances 
among the species.

Concerning the quantified phylogenetic distances among the species, we note that morphology-based and 
molecular-based phylogenies of caddisflies in general as well as of hydropsychids in particular typically have 
considered deeper relationships (e.g., Morse 1997, Kjer et al. 2001, Geraci et al. 2005, Schefter 2005, 
Holzenthal et al. 2007), i.e., assessments of interspecific relationships within a genus are rare in this order 
(e.g., Espeland et al. 2008, Pauls et al. 2008; see Morse 1997 for a summary of older studies). Depending on 
the status (genus, subgenus) of the Ceratopsyche group, ~300–400 Hydropsyche species are currently known 
(Holzenthal et al. 2007, Morse 2009). Thus, we will wait a long time for the Utopia of a well-resolved 
phylogenetic tree of the species of this genus. Consequently, we tried to solve the task for the Loire species 
using (1) many different characters (molecular and morphological characters of larvae and adults), 
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corresponding to recommendations by, e.g., Grandcolas et al. (2001), Kjer et al. (2001), Stuart & Currie 
(2001) and Kaila & Stahls (2006), (2) taxonomic congruence instead of total evidence (as the former provides 
more opportunities for future research on links between different data sets, see Eernisse & Kluge 1993), and 
(3) an explicit data matrix and analysis methods that are commonly recommended for phylogenetic studies 
(e.g., bootstrapping and maximum likelihood: Felsenstein 1985, Yeates et al. 2007; maximum parsimony: 
Hennig 1969, Swofford 2002).

Combining these elements, we hoped to obtain the following information for the regional set of 
Hydropsyche from the Loire: (1) phylogenetic clusters of the species, (2) phylogenetic distances among the 
species, and (3) phylogenetic polarity of characters (plesiomorphies to apomorphies) in the species tree. For 
our future ecological studies, this would enable (1) establishment of priorities in species selections for 
experimental approaches, (2) establishment of relationships between ecological and phylogenetic distances, 
and (3) interpretation of ecological response gradients across the species in the context of evolutionary 
processes such as adaptation, niche conservatism, or fitness. As outlined above, these future ecological studies 
will provide elements that in turn should be useful for taxonomists wishing to include small-scale ecological 
data into their analyses.

Material and methods

For West and Central Europe, 19 species of the genus Hydropsyche are known (e.g., Edington & Hildrew 
1981, Waringer & Graf 1997, Neu & Tobias 2004). Among them is 1 species (H. silfvenii) belonging to the 
separate species group Ceratopsyche (see Statzner & Mondy 2009).

Sampling, identifications, and the studied species. To obtain material including both larvae and pupae 
(pupae with mature genitalia facilitate species identifications, see below), the entire Loire was sampled during 
2 periods in 2005: at the end of May/beginning of June in its middle and lower section (>220 km distance 
from the source) and the end of June/beginning of July in its upper section (<220 km). At these occasions, we 
obtained larvae and pupae of hydropsychids by manually collecting typically larger stones in strong currents 
for ~20 min. We brushed the larvae from the stones and cut the silk of the pupal cases attaching them to the 
stones using sharp, thin knives. We added 95% ethanol to the samples, which was drained and replaced by 
fresh alcohol in the laboratory.

Overall, we sampled ~10,000 specimens of Hydropsyche and ~1000 specimens of Cheumatopsyche (the 
latter serving as outgroup in our phylogenetic analysis). These were identified using larval keys (also for 
immature pupae, based on their larval exuviae) by Pitsch (1993), Waringer & Graf (1997), Neu & Tobias 
(2004), and Higler (2005), or, if mature pupae (with well-developed genitalia) were available, using also the 
adult key by Neu & Tobias (2004). Use of the latter was not possible for rare species. Expectedly, the number 
of individuals available per species varied considerably (Table 1), and 1 species (likely H. pellucidula) was 
too rare to be included in our study. 

Character assessment. Molecules. Prior to DNA extraction, we removed the larval digestive tract to 
avoid contamination, as we found ingested congeners in several larvae. Genomic DNA was extracted using 
either the DNeasy kit (Qiagen, Inc., Courtaboeuf, France) following manufacturer’s recommendations or 
using a protocol derived from standard salt-chloroform based techniques (Mullenbach et al. 1989). Samples 
were incubated overnight in 200 µl TNES buffer (0.05 M Tris HCl, 0.1 M NaCl, 0.01 M EDTA, 0.5% SDS) 

with 5 µl proteinase K (15 mg ml-1), individually ground with a pestle at room temperature, incubated 1 h at 
56°C, and centrifuged at 13200 rpm for 5 min to precipitate cellular fragments. The supernatant was 
vigorously shaken with 250 µl NaCl (2.6 M) and centrifuged 15 min at 13200 rpm. The resulting supernatant 
was removed, vigorously mixed with 400 µl chloroform for 15 s, and centrifuged 5 min at 13200 rpm. The 
resulting supernatant was collected, vigorously mixed with 2 µl glycogen (20 mg ml-1), gently mixed with 600 
µl absolute ethanol (-20°C), and incubated 30 min at -80°C. Then, the DNA was precipitated at 13200 rpm 
and 4°C for 20 min. DNA pellets were washed using 300 µl 70% ethanol (-20°C), dried for at least 2 h at 
room temperature, and then re-suspended in 50 ml TE (0.01 M Tris HCl, 0.01 M EDTA).
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Initially, we used standard primer sets to PCR-amplify COI and 16S fragments: LCO1490 and HCO2198 
(Folmer et al. 1994) for COI and 16Sar and 16Sbr (Palumbi 1996) for 16S. We could not amplify all species 
with these primers. Thus, we used hydropsychid-specific primers derived from our initial sequences (see 
Appendix 1 for primer sequences and target loci). PCRs were performed in 35 µl reactions containing 0.17 

µM µl-1 dNTPs, 1.5 µM µl-1 MgCl2, 0.1 µg µl-1 BSA, 0.16 µM µl-1 primers, 0.04 U µl-1 of Taq Polymerase 

(Invitrogen), 1 X PCR Buffer (Invitrogen, Cergy Pontoise, France), and ~50 ng of genomic DNA. 
Amplifications were performed in a PTC-200 thermocycler (MJ Research, GMI, Inc., Ramsey, Minnesota, 
USA) using the following settings: (1) 35 cycles of 30 s at 94°C, 30 s at the lowest primer’s Tm, 30 s at 72°C, 
and (2) one step of 1 min at 72°C. Finally, PCR products were purified and sequenced at GATC biotech 
(Konstanz, Germany) or at the unit “Développements Techniques pour l'Analyse Moléculaire de la 
Biodiversité” (CNRS-Univ. Lyon 1).

Morphologically cryptic diversity has been reported for several freshwater invertebrate taxa (e.g., Jackson 
& Resh 1998, Lefébure et al. 2006). To account for this possibility, we thus analyzed 2 individuals each per 
species from the most-upstream and the most-downstream sites of its distribution.

Morphology. To obtain phylogenetic clusters and polarity among the Hydropsyche species, one would 
ignore all characters with an autapomorphic state (i.e., occurring in only 1 Hydropsyche species) or that are 
not present in the outgroup. However, needing also phylogenetic distances among the Hydropsyche species 
for future ecological analyses, such characters are particularly informative (imagine 3 species with plenty of 
synapomorphic character states, among them 1 species with plenty of autapomorphic character states). Thus, 
we included such otherwise ignored morphological characters in our analysis. Furthermore, we tried to assess 
numerous morphological characters, which would help to distribute the 9 Hydropsyche species over a greater 
range of phylogenetic distances.

We started by screening larval keys used to identify our material (see above) and other hydropsychid 
larval keys (e.g., Lepneva 1970, Schuster & Etnier 1978, Edington & Hildrew 1981, Statzner 1984, Schefter 
& Wiggins 1986) for phylogenetically informative characters. Furthermore, we searched for additional 
phylogenetically informative characters when analyzing our larval material. These analyses included only 
characters that could be clearly measured in a repeatable manner with 50x magnification (dissecting 
microscope) or 400x magnification (compound microscope). For example, we were unable to resolve the 
chaetotaxal character states of the secondary setae as detailed in SEM studies (e.g., Schefter & Wiggins 1986) 
and thus used a simpler coding (type-0, type-1, etc.). For qualitative characters or for semi-quantitative 
characters of the larvae, we checked well-sclerotized 5th instars from many sites along the river.

For measured quantitative characters, we started to analyze 2 larvae each per species from upstream and 
downstream of its distribution along the river. One upstream-downstream pair was dissected in 95% alcohol 
(the conservation medium) to obtain measurements on deformable structures. The second pair was macerated 
in NaOH, cleaned, and mounted in glycerol gelatine for compound microscope analysis and photography 
(photographs were used for image analysis of more complicated measures such as angles). Expectedly, 
distances on the larval head and mouthparts exhibited strong allometries across the 10 species. For example, 
the exterior cardo distance (between the points where the lateral cardo contours join the head capsule) 

increased significantly (P < 10-8, R2 = 0.989) with the submentum width, and the anterior, ventral head 

foramen width increased significantly (P < 10-7, R2 = 0.969) with the exterior cardo distance (see Appendix 2 
for a detailed description of these and other characters). Therefore, we transformed such quantitative measures 
into relations between them.

Overall, we found 37 qualitative characters that discriminated among the larvae of the 10 species in our 
material that, at least for the Hydropsyche species, had a priori no relation to the environmental gradients 
prevailing along the Loire and other large European rivers. In addition, we retained 6 quantitative characters; 
most of these considered relations of distances from the larval head that indicated complex morphological 
changes (see below).

Given that adult material was not consistently available for us, we obtained all descriptions of adult 
characters from Neu & Tobias (2004). The illustrations (including photos) in the work by Neu & Tobias are of 
excellent quality and the positioning of the different parts illustrated by them is perfectly standardized. 
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Therefore, beyond using qualitative characters from that publication, we were confident that including 
quantitative characters (relations and angles) measured by us on their genitalia illustrations would provide 
useful additional information for our analyses. Focusing on characters used in the adult key of Neu & Tobias 
(2004), we retained 23 qualitative morphological characters of females and males (21 from the genitalia). In 
addition, we included 7 quantitative descriptions of the male and female genitalia that were indicative of 
possible prezygotic isolation (Tobias 1972, Statzner 1974).

Measurements and ratios of measurements are inherently continuous and should be coded according to 
data gaps. These gaps are not necessarily absolute differences between neighboring values because character 
states should be delimited by discontinuities in the data distribution (Stevens 1991). We used graphic software 

in Systat®10 (LOWESS smoothing) to identify discontinuities at larger gaps in the data (Fig. 1a) or to delete 
characters that did not collapse into groupings separated by clear discontinuities (Fig. 1b).

FIGURE 1. Coding of character states of measured data, using graphic software (see text) to identify discontinuities at 
larger gaps in the data (a) or to delete characters that did not collapse into groupings separated by clear discontinuities (b) 
(see Appendix 2 for details on characters).

Phylogenetic analyses. Molecular analysis. Identical sequences (in our case, these were the specific 
upstream and downstream replicates) were collapsed into haplotypes using Collapse 1.2 (Posada 2004). We 
estimated saturation levels in both phylogenetic loci using the graphical approach proposed by Philippe & 
Forterre (1999). The inferred substitution numbers for each codon position (COI) or for all positions (16S) 
were estimated from patristic distances on the most likely tree and compared to the observed number of 
transitions and transversions. This initial phylogenetic inference was performed with phyml_v2.4.4 under a 
GTR model of evolution starting from a BIONJ tree, where the proportion of invariant sites and the gamma 
distribution parameter of 6 rate categories were estimated during the inference.

COI and 16S datasets were analyzed together and independently. Optimal trees were constructed using 
Bayesian and maximum likelihood (ML) approaches. Bayesian phylogenies were generated using MrBayes 
3.12 (Ronquist & Huelsenbeck 2003) under the best-fit model as selected by AIC in MrModeltest 2.2 
(Nylander 2004). Two sets of 4 chains sampled every 100 generations were run until the average standard 
deviation of split frequencies between the 2 sets fell below the default critical value of 0.01 using a burn-in 
fraction of 25% (i.e., we used 75% of the samples recorded up to the point when the split frequency reached 
0.01). Bayesian posterior probabilities were finally recorded even if their significance, in terms of robustness, 
remains an open question (e.g., Douady et al. 2003b). For each dataset, we also determined the best-fitting 
model of substitution and its parameters using Modeltest and the AIC criterion, and used these values to infer 
ML trees with PAUP* 4b10 (Swofford 2002) using the heuristic default search option. In addition to posterior 
probabilities, we assessed the strength of the phylogenetic signal using a nonparametric bootstrap (Felsenstein 
1985) using 100 pseudoreplicates here as well as in the subsequent analysis of morphological characters 

(using parameters, models, and algorithms associated with each individual analysis)�
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Analysis of morphological characters. The morphological characters of larvae and adults that are a priori
not changing along rivers were analyzed in a maximum parsimony framework. We searched the most 
parsimonious tree using a Branch & Bound algorithm [implemented in PAUP* 4b10 (Swofford 2002); see 
above (Molecular analysis) for bootstrapping procedure].

Phylogenetic analyses

Molecular analysis. The saturation plot analysis (not shown) suggested that transitions at the third codon 
position of the COI fragment (551 base pairs) were mostly saturated. This was also observed for transitions at 
the first codon position of the COI fragment, but only when comparing ingroup versus outgroup. The 16S 
(278 base pairs) analysis was less clear but also suggested some saturation of the transition. Thus, all datasets 
were further analyzed with and without outgroup and with and without transitions (only at the third codon 
positions when considering the COI dataset).

Considering the unrooted dataset (i.e., without lep), we found strong evidence for a grouping of inc+din
and of bul+orn (see Table 1 for species acronyms). The inc+din relation was supported by posterior 
probabilities (PPs) of 100% for all unrooted partitions and by bootstrap values (BVs) ranging from 92 to 
100%. The bul+orn association was supported by PPs of 100% and BVs ranging from 87 to 100%. Except for 
the 16S partition, we also found evidence to join ins+sil (99% < PP < 100% and 88% < BV < 94%). At a 
deeper level,  we also found a strong support for  a  split  between con+exo+orn+bul  against 
ins+sil+din+inc+ang.

Rooting trees is often considered as the most problematic step in phylogenetic inferences (Swofford et al.
1996), and our specific case seemingly follows this rule. Indeed, depending on data partitions (and the 
inclusion or exclusion of transitions), the very long branch leading to lep connected the Hydropsyche tree in 
rather different positions. Most of our reconstructions suggested a rooting as shown in Fig. 2, although 
support for several nodes was weak and no phylogenetic polarity in the regional set of Hydropsyche was 
recognizable.

TABLE 1. Number of individuals (larvae and pupae) of Hydropsyche and the outgroup Cheumatopsyche lepida
collected at 34 sites from the Loire that had easily accessible hydropsychid habitat in 2005 (in addition, the material 
included 711 first instar larvae that we could not identify as species).

1Used consistently in subsequent sections; 2Likely H. pellucidula (Curtis 1834), but too rare to be included in our study.

Analysis of morphological characters. All our Hydropsyche species share 2 character states with almost 
all other European species of the genus: (1) the same basic colour pattern on the larval frontoclypeus (6 

Species Acronym1 Individuals

H. angustipennis (Curtis 1834) ang 33

H. bulgaromanorum Malicky 1977 bul 141

H. contubernalis McLachlan 1865 con 2910

H. dinarica Marinkovic 1979 din 115

H. exocellata Dufour 1841 exo 4517

H. incognita Pitsch 1993 inc 1110

H. instabilis (Curtis 1834) ins 34

H. ornatula McLachlan 1878 orn 33

H. siltalai Döhler 1963 sil 1445

H. sp.2 --- 2

C. lepida (Pictet 1834) lep 1299

Σ 11639

6



contrasting light patches on a dark background) that varies intraspecifically across a certain range of colour 
contrasts and (2) a similar, relatively simple phallus shape (Statzner & Mondy 2009). In contrast, 2 European 
and many North American species of the genus (from the Ceratopsyche group) have a pattern of 7 light 
patches on the larval frontoclypeus that also varies intraspecifically; males of these species have a similar, 
relatively complicated phallus shape (Statzner & Mondy 2009).

The computerized maximum parsimony analysis provided a tree with generally good bootstrap support 
(BVs > 70%) for all nodes in the regional set of Hydropsyche, except nodes 4 and 5 (Fig. 3). The tree in Fig. 3 
has few reversals of character states. Clearly, the re-appearance of a round contour of the posterior, ventral 
phallus apex in bul (67/1) would be such a reversal, and the occurrence of a high stridulation ridge density in 
larval ang from the Loire [but not in southern Finland (see fig. 3 in Jansson & Vuoristo 1979), i.e., ang scored 
22/1] would perhaps be such a reversal. Two other reversals are less obvious, as the re-appearance of the states 
25/1 (no type-4 setae on pronotum) and 31/1 (prosternites typically unfused but sometimes fused) in exo (at 
node 7) would be irrelevant, assuming that the character states 25/0 (type-4 setae on pronotum) and 31/2 
(prosternites fused) evolved as convergences in ang and toward nodes 8 and 9 (Fig. 3).

Several morphological characters have been often illustrated for other hydropsychids so that we could 
compare them among more than our 10 Loire species. For example, the triangular submentum shape 
(character state 7/0) of larval ins, sil, and lep is also occurring in the Ceratopsyche group with the 7-spot 
colouration pattern (see above), in other North American Hydropsyche and Cheumatopsyche (Wiggins 1977, 
Schuster & Etnier 1978), in the North American hydropsychids Diplectroninae and Macronematinae (Wiggins 
1977), in European Diplectrona (Neu & Tobias 2004), and in African Diplectroninae, Hydropsychinae, and 
Macronematinae (Marlier 1961, Jacquemart & Statzner 1981, Scott 1983). Thus, we considered this character 
state as symplesiomorphic and the laterally elongated submentum lobes (7/1) as synapomorphic. In our 
material, a triangular submentum shape was exclusively associated with the existence of apical, long, rod-
shaped appendices on the male abdominal segment X (62/0); these appendices are transformed cerci and a 
very old character state of caddisflies (evidenced by fossils; Ivanov 2005), providing another argument that 
ins, sil, and lep share a symplesiomorphic character state (in the male genitalia). Thus, the absence of apical, 
long rod-shaped appendices on the male abdominal segment X is another synapomorphic character state. 
Elongated larval submentum lobes and absence of apical appendices in the male genitalia are typically 
associated with a V-shaped larval frontoclypeus (14/1; note, however, that din has a U-shaped larval 
frontoclypeus), and a low stridulation ridge density on the ventral larval head [22/2, not occurring in ang from 
the Loire (but occurring in southern Finland, see above)].

Among other West and Central European Hydropsyche having a 6-spot derivation of the larval head 
colouration pattern (see above) and apical, long, rod-shaped appendices on the male abdominal segment X (H. 
saxonica, H. tenuis), and/or a triangular larval submentum shape (H. bulbifera, H. fulvipes, H. saxonica, H. 
tenuis), species have either U- or V-shaped larval frontoclypei as well as low or high stridulation ridge 
densities (see Pitsch 1993, Neu & Tobias 2004), suggesting that the group diverged into several lineages in an 
early period. Like ins and sil, however, H. bulbifera, H. fulvipes, H. saxonica, and H. tenuis have a straight 
anterior larval frontoclypeus contour (8/0, also occurring in lep), a darkly pigmented median part of the larval 
prosternites (32/2), a ventral lateral lobe that is similarly broad in its dorsal and ventral half on female 
abdominal segment IX (53/0), and a U-shaped posterior gap between the crests on male abdominal segment X 
(60/0) (see Pitsch 1993, Neu & Tobias 2004). Beyond these character states that could be compared to other 
species, the triangular larval submentum shape of ins, sil, and lep is exclusively associated with a flat lateral 
cardo area (3/0) and an angular latero-proximal cardo contour (4/0). Among these characters, 7 are present in 
ingroup and outgroup, thereby indicating polarity among our species. The synapomorphic states of these 
characters would be (Fig. 3): above node 4, dorsad-curved lateral cardo area (3/1), round latero-proximal 
cardo contour (4/1), elongated lateral submentum lobes (7/1), variable or low stridulation ridge density (22/1, 
22/2), and absence of apical, long, rod-shaped appendices on male abdominal segment X (62/1); above node 
5: V-shaped frontoclypeus (14/1); above node 7: convex anterior frontoclypeus contour (8/1, 8/2).

The importance of these characters (i.e., the complexity of changes involved) differed in our phylogenetic 
reasoning. Re-organization of the submentum, cardo, and frontoclypeus shape suggests major re-organization 
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of the muscular arrangement in the larval head capsule (Lepneva 1970). Similarly important should be re-
organizations in the female and male genitalia, as different characters of the sexes assure the male-female 
locking mechanism in caddisflies (Ivanov 2005). For example, the occurrence or absence of apical, long, rod-
shaped appendices on male abdominal segment X is associated with differences in the contact between male 
and female genitalia, and there are many more (in addition to these appendices) such key-lock structures on 
the genitalia of Hydropsychinae [e.g., occurrence (Hydropsyche; 50/1) or absence (Cheumatopsyche; 50/0) of 
dorsolateral lobes on female abdominal segment IX] (Tobias 1972, fig. 4; Statzner 1974, fig. 14). In 
comparison, the importance of a changing stridulation ridge density is currently not well understood: larvae 
stridulate in intraspecific or interspecific aggressive encounters during territorial defence, but relations 
between stridulation ridge structure and stridulation signal have not been established (Jansson & Vuoristo 
1979, Silver 1980). Likewise, the importance of a changing shape of the anterior frontoclypeus contour is 
currently unclear.

Other characters provide more support for phylogenetic polarities in the tree of Fig. 3. From node 5 to 6 
and at higher nodes, there appear several secondary setae types not shared by the other Hydropsyche species 
(in ascending order in the tree: 24/1, 25/0, 27/1, 18/1). Appearance and diversity of larval secondary setae 
would indicate syn- or autapomorphies, as they appear during the ontogeny of a species (first instar larvae 
lack such setae) and supposedly with progressing evolution (they are less developed in basal groups than in 
highly specialized groups; Lepneva 1970), suggesting successively hierarchically restrictive synapomorphies. 
Furthermore, the pigmentation (19, 20, 28, 32, 33) in the regional set of Hydropsyche is darker below node 7, 
intermediate in exo, and lighter above node 8. The synthesis of melanin represents a cost for insects (Stoehr 
2006, Ma et al. 2008) that was perhaps reduced during evolution, thus also suggesting successively 
hierarchically restrictive synapomorphies. Finally, it is interesting that species with an intermediate position in 
the regional set of Hydropsyche have characters that vary between 2 states (inc: 21/1, 31/1; ang: 22/1; exo: 31/
1), but that are invariant at lower or higher hierarchical levels in the phylogeny.

The morphological characters suggest that the species pair ins+sil should be placed at the base of the Loire 
Hydropsyche cladogram [with ins being nearer to node 2 than sil] and the pair orn+bul arose most recently 
[having 7 synapomorphic character states: wide lateral mandible wings (1/1), distinct hemispherical 
submentum hump (6/2), symmetrically convex anterior frontoclypeus contour (8/1), indistinct indentions of 
anterior frontoclypeus contour (9/1), ventral head length shorter than head width (42/1), dorsal half of ventral 
lateral lobe (not present in lep) pointed (53/2), and small receptacle-lateral lobe angle (not present in lep) (55/
0); with bul being more distant from node 2 than orn]. Likewise, other larval characters suggest sister-group 
relationships for ins+sil and orn+bul (e.g., the shape of the stridulation hump on the foreleg), but they change 
so gradually along our tree that we decided to exclude them from our phylogenetic analysis.

Overall, ang is the most difficult to place in our tree: it combines character states from higher and lower 
positions in the tree, has several character states in female and male genitalia that likely are extremely 
autapomorphic (47/1, 55/2, 56/0, 60/2, 69/1), and its position in the tree requires several convergences (48/1, 
58/1, perhaps also 25/0, 31/2, see above) and, at least for the Loire population, a reversal (22/1, see above). 
Thus, we are unsure about the position of ang in our tree, as it likely originates from a lineage from which 
species that might provide better links to our tree no longer exist in the Loire or Europe. 

Discussion

We obtained 2 trees with a similar general topology, one that is a molecular analysis (Fig. 2) and one that is an 
analysis of morphological characters of larvae and adults (Fig. 3). Tree rooting is sometimes the weakest point 
of a phylogeny and indeed our trees mostly differ from each other in the location of the connection of lep with 
the regional set of Hydropsyche. Considering unrooted topologies, both trees support ins+sil and orn+bul as 
pairs of sister species (Figs 2 and 3). Furthermore, both trees provide support for the group exo, con, and 
orn+bul, an unresolved, trichomous relationship. Next, ang appears in both trees as the potential sister taxon 
of the grouping exo+con+orn+bul, although support for this location is relatively weak. Depending on the 
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dataset, these 5 species perhaps group with the pair inc+din or inc followed by din. Finally, at the other end of 
the regional set of Hydropsyche in both trees, ins+sil are potential sister species.

FIGURE 2. Phylogenetic tree (maximum parsimony topology) based on analysis of fragments of cytochrome oxidase 
subunit I (COI) and 16S ribosomal RNA (16S), with bootstrap values (BVs in %) in normal font and posterior 
probabilities (PPs in %) in italics (see Table 1 for species acronyms).

FIGURE 3. Phylogenetic tree (maximum likelihood topology) based on qualitative morphological characters, indicating 
node numbers in circles and character states that we discuss in the text (see Appendix 2 for details on all characters and 
Table 1 for species acronyms). BVs (in %) are indicated on the inset. Tree length: 122; consistency index: 0.797; 
retention index: 0.598; rescaled consistency index: 0.598; homoplasy index: 0.203.
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Considering the root  location,  the analysis  of  molecular  loci  suggests  rooting between
ins+sil+din+inc+ang and exo+con+orn+bul (Fig. 2). In contrast, arguments supported by the analysis of 
morphological characters of larvae and adults suggest a root location between ins+sil and all other 
Hydropsyche (Fig. 3). Overall, our trees support the intuitive (not arguing about characters and phylogenies 
when defining the groupings) view of Pitsch (1993) that our Hydropsyche from the Loire belong to 4 groups: 
(1) H. instabilis-Group, represented in the Loire by ins and sil; (2) H. pellucidula-Group, represented in the 
Loire by the possibly paraphyletic grade din and inc; (3) H. guttata-Group, represented in the Loire by con, 
exo, orn, and bul; and (4) the isolated taxon ang. Designing future ecological experiments for Hydropsyche
species from the Loire, our trees suggest selecting ang and 1 species from each of the pairs ins+sil, din+inc, 
con+exo, and orn+bul to assess species that are the most representative of the entire regional species set. 

Beyond our search for phylogenetic clusters among our Hydropsyche species, we searched for a relative 
phylogenetic distance and polarity across regionally co-existing representatives of a genus that can be linked 
to gradients in ecological response patterns of these species. Obviously, the relative branch lengths within and 
among the trees in Figs 2 and 3 do not indicate a unifying phylogenetic distance. When needing approximate 
values of such distances for subsequent ecological analyses, one could normalize the distance of branch 
lengths from the likely most plesiomorphic species (being nearest to the root location, set to 0) to the likely 
most apomorphic species (being most distant from the root location, set to 1) in each tree. Scaled this way, one 
could statistically relate molecular and morphological phylogenetic distances to ecological distances among 
the species such as their spatial distribution along the river or their differences in ecological traits (e.g., 
velocity preference). Significance and slope of such relations would provide elements for further discussion of 
the phylogeny of the regional set of Hydropsyche species.

Although the phylogeny of Loire Hydropsyche species is incompletely resolved, some phylogenetic 
polarity is indicated. Consistent information provided by our 2 approaches is that there are 2 species sister 
groups ins+sil and orn+bul and that con and exo and the orn+bul lineage form a monophyletic clade with 
unresolved relationships. To support the phylogenetic polarity (from ins+sil to orn+bul) required 
supplementing the computerized maximum parsimony analysis of morphological characters with arguments 
using Hennig’s (1969) approach through discussion of character states provided by the literature. Relating this 
phylogenetic polarity in future studies to ecological polarities among the species (e.g., headwater versus large 
river, fast versus slow velocity preference) should provide insights in evolutionary processes such as 
adaptation, niche conservatism, or fitness.

Our phylogenetic analyses of Hydropsyche species from the Loire River support the view that multiple 
approaches and characters should be included in cladistic analyses (e.g., Grandcolas et al. 2001, Kjer et al.
2001, Stuart & Currie 2001, Kaila & Stahls 2006). This point is particularly important when searching for 
phylogenetic distances and polarity across a regional species pool (representing a subsample of a larger clade) 
to interpret ecological patterns such as distribution along a river (e.g., Hildrew & Edington 1979, Higler & 
Tolkamp 1983, Tachet et al. 1992, Ivol et al. 1997) and associated gradients in respiratory or net-building 
traits (e.g., Hildrew & Edington 1979, Pierrot 1984, Roux et al. 1992, Tachet et al. 1992, Guinand et al. 1994).

In this context, the accuracy of phylogenetic hypotheses obtained by various approaches depends in part 
on the group examined. For cladistic studies of relatively few species, larval and adult caddisflies offer so 
many clearly varying morphological characters among the species that one has to analyze more than our 2 
gene fragments to find 1 or a few genes providing a similarly accurate description of their phylogeny (see Kjer 
et al. 2001 for a discussion of the phylogenetic relevance of molecular versus morphological characters in this 
group). In contrast, mammals of a given clade have so few clearly varying morphological characters that gene 
fragments are likely a more accurate base for phylogenetic inferences (e.g., Murphy et al. 2001, Douady et al.
2003a). Obviously, such differences among taxa will decrease when the number of species included in the 
analyses increases (i.e., when the number of varying morphological characters is much lower than the number 
of species). Given that phylogenetic ecology typically relies on phylogenetic hypotheses considering fewer 
species that co-exist at smaller spatial scales, such differences among taxa should be acknowledged in future 
analyses.

10



Acknowledgements 

Marie-Noëlle Truchet sorted the samples, Nathalie Mondy made photographs and drew our attention to 
potential costs of melanin synthesis in insects, and François Bourgeot participated in the molecular analysis. 
The program “Bonus Qualité Recherche” (Univ. Lyon 1) supported CJD. Two anonymous reviewers and John 
Morse provided substantial comments that improved the manuscript. We gratefully acknowledge all this help.

References

Ackerly, D.D. & Donoghue, M.J. (1995) Phylogeny and ecology reconsidered. Journal of Ecology, 83, 730–733.
Agrawal, A.A., Fishbein, M., Jetter, R., Salminen, J.-P., Goldstein, J.B., Freitag, A.E. & Sparks, J.P. (2009) Phylogenetic 

ecology of leaf surface traits in the milkweeds (Asclepias spp.): chemistry, ecophysiology, and insect behaviour. New 
Phytologist, 183, 848–867.

Bucheli, S., Landry, J.-F. & Wenzel, J. (2002) Larval case architecture and implications of host-plant associations for 
North American Coleophora (Lepidoptera; Coleophoridae). Cladistics, 18, 71–93.

Cavender-Bares, J., Kozak, K.H., Fine, P.V.A. & Kembel, S.W. (2009) The merging of community ecology and 
phylogenetic biology. Ecology Letters, 12, 693–715.

Douady, C.J., Catzeflis, F., Raman, J., Springer, M.S. & Stanhope, M.J. (2003a) The Sahara as a vicariant agent, and the 
role of Miocene climatic events, in the diversification of the mammalian order Macroscelidea (elephant shrews). 
Proceedings of the National Academy of Science of the U.S.A., 100, 8325–8330.

Douady, C.J., Delsuc, F., Boucher, Y., Doolittle, W.F. & Douzery, E.J.P. (2003b) Comparison of Bayesian and maximum 
likelihood bootstrap measures of phylogenetic reliability. Molecular Biology and Evolution, 20, 248–254.

Edington, J.M. & Hildrew, A.G. (1981) Caseless Caddis Larvae of the British Isles. Freshwater Biological Association, 
Scientific Publication 43, Ambleside, 91 pp.

Eernisse, D.J. & Kluge, A.G. (1993) Taxonomic congruence versus total evidence, and amniote phylogeny inferred from 
fossils, molecules, and morphology. Molecular Biology and Evolution, 10, 1170–1195.

Espeland, M., Johanson, K.A. & Hovmöller, R. (2008) Early Xanthochorema (Trichoptera, Insecta) radiations in New 
Caledonia originated on ultrabasic rocks. Molecular Phylogenetics and Evolution, 48, 904–917.

Ezenwa, V.O., Price, S.A., Altizer, S., Vitone, N.D. & Cook, K.C. (2006) Host traits and parasite species richness in even 
and odd-toed hoofed mammals, Artiodactyla and Perissodactyla. Oikos, 115, 526–536.

Felsenstein, J. (1985) Confidence limits on phylogenies: an approach using the bootstrap. Evolution, 39, 783–791.
Fitzhugh, K. (2006) The abduction of phylogenetic hypotheses. Zootaxa, 1145, 1–110.
Folmer, O., Black, M., Hoeh, W., Lutz, R. & Vrijenhoek, R. (1994) DNA primers for amplification of mitochondrial 

cytochrome c oxidase subunit I from diverse metazoan invertebrates. Molecular Marine Biology and Biotechnology, 
3, 294–299.

Freeman, P.W. (2000) Macroevolution in Microchiroptera: recoupling morphology and ecology with phylogeny. 
Evolutionary Ecology Research, 2, 317–335.

Geraci, C.J., Kjer, K.M., Morse, J.C. & Blahnik, R.J. (2005) Phylogenetic relationships of Hydropsychidae subfamilies 
based on morphology and DNA sequence data. In: Tanida, K. & Rossiter, A. (Eds) Proceedings of the Eleventh 
International Symposium on Trichoptera. Tokai University Press, Kanagawa, pp. 131–136.

Grandcolas, P., Deleporte, P., Desutter-Grandcolas, L. & Daugeron, C. (2001) Phylogenetics and ecology: as many 
characters as possible should be included in the cladistic analysis. Cladistics, 17, 104–110.

Guinand, B., Tachet, H. & Roux, C. (1994) Longitudinal distribution and ecophysiological characteristics of 
Hydropsyche exocellata (Trichoptera: Hydropsychidae) in large rivers. Ecography, 17, 189–197.

Hennig, W. (1969) Die Stammesgeschichte der Insekten. Kramer, Frankfurt am Main, 436 pp.
Higler, B. (2005) De Nederlandse Kokerjufferlarven. KNNV Uitgeverij, Utrecht, 158 pp.
Higler, L.W.G. & Tolkamp, H.H. (1983) Hydropsychidae as bio-indicators. Environmental Monitoring and Assessment, 

3, 331–341.
Hildrew, A.G. & Edington, J.M. (1979) Factors facilitating the coexistence of hydropsychid caddis larvae (Trichoptera) 

in the same river system. Journal of Animal Ecology, 48, 557–576.
Holzenthal, R.W., Blahnik, R.J., Prather, A.L. & Kjer, K.M. (2007) Order Trichoptera Kirby, 1813 (Insecta), caddisflies. 

Zootaxa, 1668, 639–698.
Ivanov, V.D. (2005) Ground plan and basic evolutionary trends of male terminal segments in Trichoptera. In: Tanida, K. 

& Rossiter, A. (Eds) Proceedings of the Eleventh International Symposium on Trichoptera. Tokai University Press, 
Kanagawa, pp. 207–218.

Ivol, J.-M., Guinand, B., Richoux, P. & Tachet, H. (1997) Longitudinal changes in Trichoptera and Coleoptera 

11



assemblages and environmental conditions in the Loire River (France). Archiv für Hydrobiologie, 138, 525–557.
Jackson, J.K. & Resh, V.H. (1998) Morphologically cryptic species confound ecological studies of the caddisfly genus 

Gumaga (Trichoptera: Sericostomatidae) in Northern California. Aquatic Insects, 20, 69–84.
Jacquemart, S. & Statzner, B. (1981) Trichoptères nouveaux du Zaire. Bulletin de l’Institut Royal des Sciences Naturelles 

de Belgique Entomologie, 53/21, 1–25.
Jansson, A. & Vuoristo, T. (1979) Significance of stridulation in larval Hydropsychidae (Trichoptera). Behaviour, 71, 

167–186.
Kaila, L. & Stahls, G. (2006) DNA barcodes: evaluating the potential of COI to differentiate closely related species of 

Elachista (Lepidoptera: Gelechioidea: Elachistidae) from Australia. Zootaxa, 1170, 1–26.
Kaiser, P. (1965) Über Netzbau und Strömungssinn bei den Larven der Gattung Hydropsyche Pict. (Ins., Trichoptera). 

Internationale Revue der Gesamten Hydrobiologie, 50, 169–224.
Kjer, K.M., Blahnik, R.J. & Holzenthal, R.W. (2001) Phylogeny of Trichoptera (caddisflies): characterisation of signal 

and noise within multiple datasets. Systematic Biology, 50, 781–816.
Lefébure, T., Douady, C.J., Gouy, M., Trontelj, P., Briolay, J. & Gibert, J. (2006) Phylogeography of a subterranean 

amphipod reveals cryptic diversity and dynamic evolution in extreme environments. Molecular Ecology, 15, 1797–
1806.

Lepneva, S.G. (1970) Larvae and Pupae of Annulipalpia. Fauna of the U.S.S.R.: Trichoptera. Israel Program for 
Scientific Translations, Jerusalem, 638 pp.

Lips, K.R., Reeve, J.D. & Witters, L.R. (2003) Ecological traits predicting amphibian population declines in Central 
America. Conservation Biology, 17, 1078–1088.

Littlewood, D.T.J., McDonald, S.M., Gill, A.C. & Cribb, T.H. (2004) Molecular phylogenetics of Chaetodon and the 
Chaetodontidae (Teleostei: Perciformis) with reference to morphology. Zootaxa, 779, 1–20.

Ma, W., Chen, L., Wang, M. & Li, X. (2008) Trade-offs between melanisation and life-history traits in Helicoverpa
armigera. Ecological Entomology, 33, 37–44.

Marlier, G. (1961) Hydropsychidae du Kivu. Revue de Zoologie et de Botanique Africaines, 63, 158–212.
Minelli, A. (2007) Invertebrate taxonomy and evolutionary developmental biology. Zootaxa, 1668, 55–60.
Morse, J.C. (1997) Phylogeny of Trichoptera. Annual Review of Entomology, 42, 427–450.
Morse, J.C. (ed.) (2009) Trichoptera World Checklist. Available at http://entweb.clemson.edu/database/trichopt/

index.htm (accessed September 2009).
Mullenbach, R., Ladoga, P.J.L. & Welter, C. (1989) An efficient salt-chloroform extraction of DNA from blood and 

tissues. Trends in Genetics, 5, 391–391.
Murphy, W.J., Eizirik, E., O’Brien, S.J., Madsen, O., Scally, M., Douady, C.J., Teeling, E., Ryder, O.A., Stanhope, M.J., 

De Jong, W.W. & Springer, M.S. (2001) Resolution of the early placental mammal radiation using Bayesian 
phylogenetics. Science, 294, 2348–2351.

Neu, P.J. & Tobias, W. (2004) The identification of the German Hydropsychidae (Insecta: Trichoptera). Lauterbornia, 
51, 1–68.

Nylander, J.A.A. (2004) MrModeltest v2. Program distributed by the author. Evolutionary Biology Centre, Uppsala 
University, Uppsala.

Nylin, S., Nyblom, K., Ronquist, F., Janz, N., Belicek, J. & Källersjö, M. (2001) Phylogeny of Polygonia, Nymphalis and 
related butterflies (Lepidoptera: Nymphalidae): a total-evidence analysis. Zoological Journal of the Linnean Society, 
132, 441–468.

Palumbi, S.R. (1996) Nucleic acids II: the polymerase chain reaction. In: Hillis, D.M., Moritz, C. & Mable, B.K. (Eds) 
Molecular Systematics, 2nd ed. Sinauer, Sunderland, MA, pp. 205–247.

Pauls, S.U., Graf, W., Haase, P., Lumbsch, H.T. & Waringer, J. (2008) Grazers, shredders and filtering carnivores–the 
evolution of feeding ecology in Drusinae (Trichoptera: Limnephilidae): insights from a molecular phylogeny. 
Molecular Phylogenetics and Evolution, 46, 776–791.

Philippe, H. & Forterre, P. (1999) The rooting of the universal tree of life is not reliable. Journal of Molecular Evolution, 
49, 509–523.

Pierrot, J.-P. (1984) Etude Expérimentale de la Niche Écologique Larvaire de Quelques Espèces d’Hydropsyche
(Trichoptera, Hydropsychidae). PhD Thesis, Université Lyon 1, Villeurbanne, 262 pp.

Pitsch, T. (1993) Zur Larvaltaxonomie, Faunistik und Ökologie mitteleuropäischer Fließwasser-Köcherfliegen (Insecta: 
Trichoptera). Landschaftsentwicklung und Umweltforschung, Special Issue, 8, 1–316.

Poff, N.L., Olden, J.D., Vieira, N.K.M., Finn, D.S., Simmons, M.P. & Kondratieff, B.C. (2006) Functional trait niches of 
North American lotic insects: trait-based ecological applications in light of phylogenetic relationships. Journal of 
the North American Benthological Society, 25, 730–755.

Posada, D. (2004) Collapse: Describing Haplotypes from Sequence Alignments - Version 1.2. Distributed by the author. 
Universidade de Vigo.

Ricklefs, R.E. (2006) Evolutionary diversification and the origin of the diversity-environment relationship. Ecology/
Supplement, 87, S3–S13.

12



Ronquist, F. & Huelsenbeck, J.P. (2003) MrBayes 3: Bayesian phylogenetic inference under mixed models. 
Bioinformatics, 19, 1572–1574.

Roux, C., Tachet, H., Bournaud, M. & Cellot, B. (1992) Stream continuum and metabolic rate in the larvae of five 
species of Hydropsyche (Trichoptera). Ecography, 15, 70–76.

Schefter, P.W. (2005) Re-evaluation of genera in the subfamily Hydropsychinae (Trichoptera: Hydropsychidae). Aquatic 
Insects, 27, 133–154.

Schefter, P.W. & Wiggins G.B. (1986) A Systematic Study of the Nearctic Larvae of the Hydropsyche morosa Group 
(Trichoptera: Hydropsychidae). Royal Ontario Museum, Toronto, 94 pp.

Schuster, G.A. & Etnier, D.A. (1978) A Manual for the Identification of the Larvae of the Caddisfly Genera Hydropsyche
Pictet and Symphitopsyche Ulmer in Eastern and Central North America (Trichoptera: Hydropsychidae). US 
Environmental Protection Agency, Cincinnati, OH, 128 pp.

Scott, K.F.M. (1983) On the Hydropsychidae (Trichoptera) of South Africa with keys to African genera of imagos, larvae 
and pupae and species lists. Annals of the Cape Provincial Museums (Natural History), 14, 299–422.

Sharkey, M.J. (2007) Phylogeny and classification of Hymenoptera. Zootaxa, 1668, 521–548.
Silver, S.C. (1980) Ultrasound production during stridulation by hydropsychid larvae (Trichoptera). Journal of Zoology 

(London), 191, 323–331.
Statzner, B. (1974) Funktionsmorphologische Studien am Genitalapparat von drei neuen Cheumatopsyche-Arten 

(Trichoptera, Hydropsychidae). Zoologischer Anzeiger, 193, 382–398.
Statzner, B. (1984) Keys to adult and immature Hydropsychinae in the Ivory Coast (West-Africa) with notes on their 

taxonomy and distribution. Spixiana, 7, 23–50.
Statzner, B. & Mondy, N. (2009) Variation of colour patterns in larval Hydropsyche (Trichoptera): implications for 

species identifications and the phylogeny of the genus. Limnologica, 39, 177–183.
Statzner, B., Bonada, N. & Dolédec, S. (2007) Conservation of taxonomic and biological trait diversity of European 

stream macroinvertebrate communities: a case for a collective database. Biodiversity and Conservation, 16, 3609–
3632.

Stevens, P.F. (1991) Character states, morphological variation, and phylogenetic analysis: a review. Systematic Botany, 
16, 553–583.

Stoehr, A.M. (2006) Costly melanin ornaments: the importance of taxon? Functional Ecology, 20, 276–281.
Stuart, A.E. & Currie, D.C. (2001) Using caddisfly (Trichoptera) case-building behaviour in higher level phylogeny 

reconstruction. Canadian Journal of Zoology, 79, 1842–1854.
Swofford, D.L. (2002) PAUP*: Phylogenetic Analysis Using Parsimony (*and Other Methods) - Version 4.0. Sinauer, 

Sunderland, MA.
Swofford, D.L., Olsen, G.J., Waddell, P.J. & Hillis, D.M. (1996) Phylogenetic inference. In: Hillis, D.M., Moritz, C. & 

Mable, B.K. (Eds) Molecular Systematics, 2nd ed. Sinauer, Sunderland, MA, pp. 407–514.
Tachet, H., Pierrot, J.P., Roux, C. & Bournaud, M. (1992) Net-building behaviour of six Hydropsyche species 

(Trichoptera) in relation to current velocity and distribution along the Rhône River. Journal of the North American 
Benthological Society, 11, 350–365.

Tobias, W. (1972) Zur Kenntnis europäischer Hydropsychidae (Insecta: Trichoptera) I. Senckenbergiana Biologica, 53, 
59–89.

Waringer, J. & Graf, W. (1997) Atlas der Österreichischen Köcherfliegenlarven. Facultas-Universitätsverlag, Wien, 286 
pp.

Webb, C.O., Ackerly, D.D., McPeek, M.A. & Donoghue, M.J. (2002) Phylogenies and community ecology. Annual 
Review of Ecology and Systematics, 33, 475–505.

Webb, C.O., Losos, J.B. & Agrawal, A.A. (2006) Integrating phylogenies into community ecology. Ecology/Supplement, 
87, S1–S2.

Westoby, M. (2006) Phylogenetic ecology at world scale, a new fusion between ecology and evolution. Ecology/
Supplement, 87, S163–S165.

Wheeler, Q.D. (2007) Invertebrate systematics or spineless taxonomy? Zootaxa, 1668: 11–18.
Wiggins, G.B. (1977) Larvae of the North American Caddisfly Genera (Trichoptera). University of Toronto Press, 

Toronto, 401 pp.
Yeates, D.K., Wiegmann, B.M., Courtney, G.W., Meier, R., Lambkin, C. & Pape, T. (2007). Phylogeny and systematics 

of Diptera: two decades of progress and prospects. Zootaxa, 1668, 565–590.

13



APPENDIX 1. Target loci and primer sequences of hydropsychid-specific primers derived from our initial sequences 
that were used for species we could not amplify with standard primers.

APPENDIX 2. Details on the morphological characters (labeled by character number) included in the analysis and, if 
possible, references to published illustrations of the characters and their states. For general descriptions of the 
morphology of caddisfly larvae see, for example, works by Lepneva (1970), Wiggins (1977), Waringer & Graf (1997), 
Higler (2005); for adults, we used the terminology of Neu & Tobias (2004). 

Larvae (well-sclerotized 5th instar)
1) Lateral mandible wings (situated at the dorsal part of the outer mandible surface): narrow (Neu & Tobias 2004, fig. 9a,

i.e., most of the ventrally inserted setae are visible; 1/0) or wide (Neu & Tobias 2004, fig. 21a, i.e., only the longest
of the ventrally inserted setae are visible; 1/1).

2) Proximal contour of proximal tooth of right mandible: curved basad (Neu & Tobias 2004, fig. 8d; 2/0) or almost
rectangular (Neu & Tobias 2004, fig. 24a; 2/1).

3) Lateral cardo area (ventral area of cardo near its lateral contour, Waringer & Graf 1997, Morphology fig. 7): almost
flat (3/0) or curved dorsad (3/1).

4) Latero-proximal cardo contour (where the lateral cardo contour joins the head capsule, Waringer & Graf 1997,
Morphology fig. 7): angular (Pitsch 1993, photo 131; 4/0) or round (Pitsch 1993, photo 122; 4/1).

5) Distal contour of median mentum channel: angular (Edington & Hildrew 1981, figs 117, 118; 5/0) or round (Edington
& Hildrew 1981, figs 119, 120; 5/1).

6) Submentum surface: flat (Waringer & Graf 1997, Hydropsychidae fig. 22; 6/0); or with indistinct, triangular hump,
with almost flat ventral surface (Waringer & Graf 1997, Hydropsychidae fig. 7; 6/1); or with distinct, hemispherical 
hump, with round ventral surface (Waringer & Graf 1997, Hydropsychidae fig. 6; 6/2).

7) Submentum shape: almost triangular (Neu & Tobias 2004, fig. 25d; 7/0) or with laterally elongated lobes (Neu &
Tobias 2004, fig. 12e; 7/1).

8) Anterior frontoclypeus contour: straight (Waringer & Graf 1997, Hydropsychidae fig. 11; 8/0); or symmetrically
convex (Waringer & Graf 1997, Hydropsychidae fig. 8; 8/1); or asymmetrically convex (Waringer & Graf 1997, 
Hydropsychidae fig. 10; 8/2).

9) Indentions of anterior frontoclypeus contour (Neu & Tobias 2004, fig. 8b): indentions distinct (>0.003 mm; 9/0) or
indentions indistinct (<0.0013 mm; 9/1).

10) Insertion of velocity sensor organs near indentions of anterior frontoclypeus contour (character 9, viewed dorsally,
Kaiser 1965, fig. 15): in indentions (10/0) or in and besides indentions (10/1; note that this invariant character in the 
Loire River Hydropsyche species may be functionally important).

11) Density of velocity sensor organs in line near anterior frontoclypeus contour (in organs 0.25 mm-1; Kaiser 1965, fig.
15): ~10 organs (11/0) or 20–30 organs (11/1; note that this invariant character in the Loire River Hydropsyche
species may be functionally important).

12) Frons and clypeus at epistomal suture near tentorial pit (Waringer & Graf 1997, Hydropsychidae fig. 28): flat, frons
in same plane as clypeus (12/0) or stepped, frons recessed below plane of clypeus (12/1).

13) Approximate setal density on posterior frontoclypeus (in setae mm-2): high, 31–45 setae (13/0); or intermediate, 16–
30 setae (13/1); or low, 0–15 setae (13/2).

14) Frontoclypeus shape: U-shaped (Edington & Hildrew 1981, figs 122, 123, 124; 14/0) or V-shaped (Edington &
Hildrew 1981, figs 121, 125, 126; 14/1).

15) Frontoclypeus colouration: without 6-spot pattern (15/0) or with some version of 6-spot pattern (Statzner & Mondy

Locus Name 5'     3'

16S F1 AGTCAAATCTGCCCACTGAATT

16S F2 AATTTTAACTGTACAAAGGTAGCATAATAA

16S R1 CATCTTAATCCAACATCGAGGTC

16S R2 TAACGCTGTTATCCCTTAGGTAATT

COI F1552 GATCTGGACTAATTGGATCCTCTATAAG

COI F1564 AATTGGATCCTCTATAAGACTAATTATTCG

COI F1579 AAGACTAATTATTCGTATAGAATTAAGAAC

COI R2145 TGTCCAAAAAATCAAAATAAGTGTTG

COI R2088 GTCAAAAAAAGATGTATTTAGATTTCG
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2009; 15/1).
16) Type-1 setae (cylindrical setae with surface stripes and blunt apices, Pitsch 1993, photo 118) on posterior

frontoclypeus and/or adjacent head surface: absent (16/0) or present (16/1).
17) Type-2 setae (long setae ending in single tip, Neu & Tobias 2004, fig. 8a) on posterior frontoclypeus and/or adjacent

head surface: present (17/0) or absent (17/1).
18) Type-3 setae (long setae ending in multiple tips, Pitsch 1993, photo 115) on posterior frontoclypeus and/or adjacent

head surface: absent (18/0) or present (18/1).
19) Light spots on posterior frontoclypeus and adjacent head surface: absent (Waringer & Graf 1997, Hydropsychidae

fig. 28; 19/0) or present (Waringer & Graf 1997, Hydropsychidae fig. 14; 19/1).
20) Dark muscle-insertion marks on posterolateral parts of head: absent (20/0) or present (20/1).
21) Shape of lobe near ventral mandible articulation (this lobe situated laterally of submentum at anterior limit of head

capsule): round (Pitsch 1993, photo 121; 21/0); or typically angular but sometimes with rounder contours (H.
incognita; 21/1); or angular (Pitsch 1993, photo 126; 21/2).

22) Stridulation ridge density (in ridges 0.2 mm-1, measured parallel to ventral median suture in centre of stridulation
ridge field): high (19–22 ridges, Pitsch 1993, photo 132; 22/0); or variable (H. angustipennis, with high ridge
densities in Loire River but low ones in southern Finland (Jansson & Vuoristo 1979, fig. 3a); 22/1); or low (11–13
ridges, Pitsch 1993, photo 129; 22/2).

23) Type-2 setae (character 17) on anterior pronotum margin: present (23/0) or absent (23/1).
24) Type-4 setae (short setae ending in multiple tips, Pitsch 1993, photo 118) on anterior pronotum margin: sparse (24/0)

or very abundant (24/1).
25) Type-4 setae (character 24) on pronotum posterior to anterior margin: present (25/0) or absent (25/1).
26) Anterodorsal area of pronotum: concolorous with anterolateral area (Waringer & Graf 1997, Hydropsychidae fig. 33;

26/0) or darker than anterolateral area (Waringer & Graf 1997, Hydropsychidae fig. 14, not visible in extremely light
H. contubernalis; 26/1).

27) Type-4 setae (character 24) on meso- and metanotum: absent (27/0) or present (27/1).
28) Muscle insertion marks outside lateral wrinkle of meso- and metanotum: clearly visible, dark brown rings with

lighter centers (28/0) or almost invisible, light yellow (28/1).
29) Type-1 setae (character 16) on thoracic nota: absent (29/0) or present (29/1).
30) Lateral and median part of posterior prosternites: pale (Neu & Tobias 2004, fig. 8e; 30/0) or distinctly pigmented

(Neu & Tobias 2004, figs 9e and 17d; 30/1).
31) Fusion of lateral and median part of posterior prosternites: not fused (with different colour where adjoining parts

come in contact, Neu & Tobias 2004, fig. 15d; 31/0); or variable, typically unfused but sometimes fused (H.
incognita and H. exocellata; 31/1); or fused (with similar colour where adjoining parts come in contact, Neu &
Tobias 2004, figs 9e and 17d; 31/2).

32) Pigment colour of median parts of posterior prosternites: no pigmentation (Neu & Tobias 2004, fig. 8e; 32/0); or light
yellow (Neu & Tobias 2004, fig. 21e; 32/1); or brown (Neu & Tobias 2004, fig. 9e; 32/2).

33) Posterior mesosternites with dark patches (Neu & Tobias 2004, fig. 9f): absent (33/0) or present (33/1).
34) Number of tufted gills on metasternum: 3 gills (34/0) or 4 gills (34/1).
35) Type-5 setae (scale-like setae, larger distally than proximally, without surface stripes) dorsally on abdomen: absent

(35/0) or present (35/1).
36) Ventral gills on abdominal segment VII: present (Waringer & Graf 1997, Hydropsychidae fig. 16b; 36/0) or absent

(Waringer & Graf 1997, Hydropsychidae fig. 16a; 36/1).
37) Sclerotization of lateral setal zone on abdominal segment IX: weakly sclerotized (37/0) or well sclerotized (37/1).
38) Anterior, ventral head foramen width divided by distance between points where lateral cardo contours join head

capsule (Waringer & Graf 1997, Morphology fig. 7): 1.67–1.71 (38/0); or 1.78–1.82 (38/1); or 1.90 (38/2).
39) Distance between points where lateral cardo contours join head capsule (character 38) divided by submentum width:

1.30–1.32 (39/0) or 1.36–1.38 (39/1).
40) Anterior head foramen width divided by distance between lateral edges of tentorial pits (character 12): 2.17–2.23

(40/0); or 2.03 (40/1); or 2.34 (38/2); or 2.41–2.49 (40/3); or 2.67 (40/4).
41) Angle between the lines connecting posterior submentum tip with outer contours of lateral submentum lobes divided

by angle between lines connecting posterior frontoclypeus tip with outer contour of tentorial pits (character 12):
2.46–2.67 (41/0); or 2.07–2.16 (41/1); or 2.31 (41/2).

42) Ventral head length (as submentum is fused with head capsule, measured on median towards anterior contour of
submentum) divided by maximum head width: 0.55–0.65 (42/0) or 0.45–0.47 (42/1).

43) Approximate extension of black marginal ribbons on thoracic nota, estimated as summed proportion along anterior,
lateral, and posterior margins of all thoracic nota (Waringer & Graf 1997, Family Key fig. 25): 0.55–0.70 (43/0) or
0.85–0.90 (43/1).

Adults (male and female)
44) Median cell in hind wing: open (44/0) or closed (Neu & Tobias 2004, fig. 3; 44/1).
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45) Oblique black lines on basal antennal segments: absent (45/0) or present (Neu & Tobias 2004, fig. 6a; 45/1).
Female genitalia (abdominal segment IX)
46) Relative lengths of anterior and posterior margins of clasper receptacle opening: anterior>>posterior (Neu & Tobias

2004, fig. 28f; 46/0) or anterior≈posterior (Neu & Tobias 2004, figs 29d, 32h; 46/1).
47) Clasper receptacle and receptacle opening: large (Neu & Tobias 2004, fig. 32h; 47/0) or tiny (running over <10% of

segment width; Neu & Tobias 2004, fig 29d; 47/1).
48) Tooth on margin of receptacle opening: present (Neu & Tobias 2004, fig. 36g; 48/0) or absent (Neu & Tobias 2004,

fig. 32h; 48/1).
49) Tooth position on margin of receptacle opening: dorsal (Neu & Tobias 2004, fig. 28f; 49/0); or anterior (Neu &

Tobias 2004, fig. 36g; 49/1); or posterior (Neu & Tobias 2004, fig. 40e; 49/2).
50) Dorsal lateral lobe: absent (Neu & Tobias 2004, fig. 28e; 50/0) or present (Neu & Tobias 2004, fig. 35g; 50/1).
51) Ventral contour of dorsal lateral lobe: not protruding ventrad (Neu & Tobias 2004, fig. 35g; 51/0) or protruding

ventrad (Neu & Tobias 2004, fig. 36f; 51/1).
52) Venral lateral lobe: absent (Neu & Tobias 2004, fig. 28e; 52/0) or present (Neu & Tobias 2004, fig. 35g; 52/1).
53) Shape of ventral lateral lobe: dorsal and ventral half similarly broad (Neu & Tobias 2004, fig. 35g; 53/0); or dorsal

half broadest (Neu & Tobias 2004, fig. 36f; 53/1); or dorsal half broadest and pointed (Neu & Tobias 2004, fig. 32h;
53/2).

54) Receptacle-lateral lobe index (viewed laterally); relating 2 distances (a b-1) measured from the intersection of a line
(receptacle line) across the clasper receptacle and the clasper channel with the dorsal receptacle limit (Neu & Tobias
2004, fig. 39h) towards (a) the posterior contour of the dorsal lateral lobe at its broadest part and (b) the most
posterior contour of the ventral lateral lobe. Because this index did not collapse into groupings separated by clear
discontinuities in the data (Fig. 1b) we deleted it from the analysis.

55) Receptacle-lateral lobe angle (°), situated between lines a and b (character 54): 3–7 (55/0); or 12–18 (55/1); or 25
(55/2).

56) Receptacle channel-dorsal lateral lobe angle (°), situated between receptacle line and line a (character 54): -10 (56/0)
or 12–27 (56/1).

Male genitalia (abdominal segments IX, X, and appendices)
57) Dorso-median keel on abdominal segment IX: absent (Neu & Tobias 2004, fig. 28b; 57/0) or present (Neu & Tobias

2004, fig. 39b; 57/1).
58) Shape of dorso-median keel on abdominal segment IX (viewed dorsally): contours continuously converging (Neu &

Tobias 2004, fig. 39b; 58/0); or contours almost parallel (Neu & Tobias 2004, fig. 40b; 58/1); or contours diverging 
and then converging (Neu & Tobias 2004, fig. 46b; 53/2).

59) Dorsal crests on abdominal segment X: absent (Neu & Tobias 2004, fig. 28a; 59/0) or present (Neu & Tobias 2004,
fig. 35a; 57/1).

60) Shape of posterior gap between dorsal crests on abdominal segment X (viewed dorsally): U-shaped (Neu & Tobias
2004, fig. 35b; 60/0); or V-shaped (Neu & Tobias 2004, fig. 36b; 60/1); or W-shaped (Neu & Tobias 2004, fig. 29c; 
60/2).

61) Shape of posterior dorsal contour of dorsal crests on abdominal segment X (viewed laterally): round (Neu & Tobias
2004, fig. 35a; 61/0); or round and protruding dorsad (Neu & Tobias 2004, fig. 42a; 61/1); or pointed and protruding 
dorsad (Neu & Tobias 2004, fig. 33a; 61/2).

62) Apical, long, rod-shaped appendices on abdominal segment X: present (Neu & Tobias 2004, fig. 40a; 62/0) or absent
(Neu & Tobias 2004, fig. 35a; 62/1).

63) Median part of phallus (viewed ventrally): not extended (Neu & Tobias 2004, fig. 39c; 63/0) or extended (Neu &
Tobias 2004, figs 36d, 33g; 63/1).

64) Two "teeth" proximal of phallus apex (viewed ventrally): absent (Neu & Tobias 2004, fig. 28d; 64/0) or present (Neu
& Tobias 2004, fig. 39e; 64/1). Neu & Tobias (2004) interpreted the lateral curvatures near the phallic apex of H. 
ornatula (their fig. 42d) as modifications of the larger, pointed, phallic teeth found in other Hydropsyche species 
(e.g., their fig. 39e); with this interpretation, all our Hydropsyche species would have such teeth (sometimes very 
indistinct, see their fig. 33g, showing H. contubernalis; note that the subspecies H. contubernalis masovica has 
distinct teeth, their fig. 34c).

65) Shape of two "teeth" proximal of phallus apex (viewed ventrally): pointed (Neu & Tobias 2004, fig. 39e; 65/0) or
round (Neu & Tobias 2004, fig. 42d; 65/1).

66) Direction of apical, lateral phallic lobes (viewed laterally): directed ventrad (Neu & Tobias 2004, fig. 28c; 66/0) or
directed caudad (Neu & Tobias 2004, fig. 39d; 66/1).

67) Contour of posterior, ventral phallus apex (viewed laterally): angular (Neu & Tobias 2004, fig. 36a; 67/0) or round
(Neu & Tobias 2004, fig. 39d; 67/1).

68) Curvature direction of distal clasper segment (viewed ventrally): laterad (Neu & Tobias 2004, fig. 28d; 68/0) or
mesad (Neu & Tobias 2004, fig. 33c; 68/1).

69) Distal clasper contour: round (Neu & Tobias 2004, fig. 32d; 69/0) or with a tiny hook (Neu & Tobias 2004, fig. 29b;
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69/1).
70) Phallic apex index (viewed ventrally), length of apical phallic lobes (character 66) divided by phallic width measured

at the proximal end of the phallic lobes: 1.15–1.25 (70/0); or 0.86–0.93 (70/1); or 0.57–0.67 (70/2); or 0.29–0.42 
(70/3).

71) Clasper index (viewed ventrally), length of distal clasper segment divided by length of proximal clasper segment (see
Neu & Tobias 2004, fig. 4, for ventral view of entire clasper): 0.25–0.33 (71/0); or 0.41–0.50 (71/1); or 0.63 (71/2).

72) Abdominal segment X-clasper index (viewed laterally), distance from proximal clasper end to dorso-posterior
contour of abdominal segment X divided by clasper length (see Neu & Tobias 2004, fig. 4, for lateral view of male 
genitalia): 0.77 (72/0); or 0.85–0.89 (72/1); or 0.93–0.96 (72/2).

73) Setal zone X-clasper index (viewed laterally): distance from proximal clasper end to centre of lateral setal zone on
abdominal segment X divided by clasper length (see Neu & Tobias 2004, fig. 4, for lateral view of male genitalia): 
0.58 (73/0); or 0.67–0.70 (73/1); or 0.76 (73/2).

74) Phallic apex-clasper index (viewed laterally), distance from proximal clasper end to ejaculatory cave at phallic apex
divided by clasper length (see Neu & Tobias 2004, fig. 4, for lateral view of male genitalia). Note that the basal part 
of the phallus is fixed through a joint to the basal end of the claspers (Statzner 1974, fig. 14): 0.50–0.52 (74/0); or 
0.40 (74/1); or 0.56–0.61 (74/2).

Character Nos and coding assignments* for the 10 species studied by us.

No ang bul con din exo inc ins orn sil lep

1 0 1 0 0 0 0 0 1 0 0

2 1 1 1 1 1 1 1 1 1 0

3 1 1 1 1 1 1 0 1 0 0

4 1 1 1 1 1 1 0 1 0 0

5 0 0 0 0 0 0 1 0 1 0

6 0 2 0 0 0 1 0 2 0 0

7 1 1 1 1 1 1 0 1 0 0

8 0 1 2 0 2 0 0 1 0 0

9 0 1 0 0 0 0 0 1 0 0

10 1 1 1 1 1 1 1 1 1 0

11 1 1 1 1 1 1 1 1 1 0

12 1 1 1 1 1 1 1 1 1 0

13 2 0 2 2 2 2 1 2 1 0

14 1 1 1 0 1 1 0 1 0 0

15 1 1 1 1 1 1 1 1 1 0

16 1 1 1 1 1 1 1 1 1 0

17 1 1 1 1 1 1 1 1 1 0

18 0 1 0 0 0 0 0 0 0 0

19 0 0 0 0 1 0 0 0 0 0

20 1 0 0 1 1 1 1 0 1 0

21 0 0 0 2 0 1 2 0 2 0

22 1 2 2 2 2 2 0 2 0 0

23 1 1 1 1 1 1 1 1 1 0

24 1 1 1 0 1 0 0 1 0 0

25 0 0 0 1 1 1 1 0 1 0

26 0 1 1 0 1 0 0 1 0 0

27 0 1 1 0 0 0 0 1 0 0

28 0 1 1 0 0 0 0 1 0 0

29 1 1 1 1 1 1 1 1 1 0

30 1 1 1 1 1 1 1 1 1 0

Continued next page
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*9999 = character non-existent; *99999= missing value.

Continued. 

No ang bul con din exo inc ins orn sil lep

31 2 2 2 0 1 1 0 2 0 0

32 2 1 1 2 2 2 2 1 2 0

33 1 0 0 1 1 1 1 0 1 0

34 1 1 1 1 1 1 1 1 1 0

35 1 1 1 1 1 1 1 1 1 0

36 0 0 0 0 0 0 0 0 1 0

37 1 0 0 1 0 1 1 0 1 0

38 1 1 1 0 2 0 1 1 0 0

39 1 0 1 1 0 1 1 1 1 0

40 2 4 0 0 3 3 1 3 1 0

41 0 0 2 1 0 0 1 0 1 0

42 0 1 0 0 0 0 0 1 0 0

43 0 0 0 0 0 1 1 0 1 0

44 1 1 1 1 1 1 1 1 1 0

45 1 1 1 1 1 1 1 1 1 0

46 1 1 1 1 1 1 1 1 1 0

47 1 0 0 0 0 0 0 0 0 0

48 1 1 0 0 0 0 0 1 0 0

49 9999 9999 1 1 1 1 2 9999 2 0

50 1 1 1 1 1 1 1 1 1 0

51 0 1 1 0 1 0 0 1 0 9999

52 1 1 1 1 1 1 1 1 1 0

53 1 2 1 0 1 0 0 2 0 9999

54 Excluded from analysis (see Fig. 1b) 9999

55 2 0 1 1 1 1 1 0 1 9999

56 0 1 1 1 1 1 1 1 1 9999

57 1 1 1 1 1 1 1 1 1 0

58 1 0 0 0 0 0 1 0 2 9999

59 1 1 1 1 1 1 1 1 1 0

60 2 0 0 0 1 0 0 0 0 9999

61 0 2 2 0 2 0 0 1 0 9999

62 1 1 1 1 1 1 0 1 0 0

63 1 1 1 0 1 0 0 1 0 0

64 1 1 1 1 1 1 1 1 1 0

65 1 1 1 0 1 0 0 1 0 9999

66 1 1 1 1 1 1 1 1 1 0

67 0 1 0 1 0 1 1 0 1 0

68 1 1 1 1 1 1 1 1 1 0

69 1 0 0 0 0 0 0 0 0 0

70 2 3 3 1 3 0 1 3 2 0

71 0 2 1 1 1 1 0 1 1 0

72 1 1 2 1 1 1 1 2 1 0

73 1 1 1 1 1 1 1 2 1 0

74 2 2 0 99999 1 0 0 2 2 0
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