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SUMMARY

1. Ecological studies of freshwater biota in understudied regions are often obstructed by poor
taxonomic knowledge. We posit that molecular tools can help alleviate this issue and present an
example where we combined molecular tools, environmental data and ecological statistics to
investigate the distribution and community ecology of an unknown fauna of hydropsychid
caddisflies along altitudinal gradients in four Himalayan river systems of Central and Eastern Nepal.
2. A total of 484 larval specimens from 34 tributaries were examined. Phylogenetic analysis of the
mitochondrial cytochrome ¢ oxidase I (COI) and the nuclear ribosomal RNA 285 were used to
delineate molecular operational taxonomic units (MOTUs) applying three analytical methods: general
mixed Yule-coalescent (GMYC) model, Automatic Barcode Gap Discovery (ABGD) and Bayesian
Phylogenetics and Phylogeography (BPP). Spatial distributional patterns and potential differences in
ecological niches among MOTUs were statistically tested using regression and correlation
approaches. Further, we examined the data for signs of non-random structure in MOTU
communities.

3. MOTU diversity within the family of Hydropsychidae was generally high but varied across
evaluated gene fragments and slightly among delineation methods. Yet, the subsequent evaluation of
environmental and spatial drivers and resulting distributional patterns were highly consistent among
the different MOTU estimates.

4. Within each river system, we found community composition varied greatly along the altitudinal
gradients, with many MOTUs associated with specific altitudinal ranges. Prevalent MOTU turnover
at the river system scale indicated high B-diversity in the hydropsychid community leading to high
degrees of regional endemism. In the Langtang river system, we found fewer MOTU co-occurrences
than expected by chance.

5. These results highlight the utility of DNA-based approaches using variable genetic markers
(mitochondrial or ribosomal nuclear) for primary biodiversity assessment of poorly studied groups
or regions. Our study further shows that DNA-based biodiversity measures are suitable for
downstream applications, such as exploring fundamental questions in stream ecology.
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Introduction

Studying the ecology of freshwater ecosystems requires
detailed knowledge about the environment and the biota
of interest. In poorly studied regions, however, taxonomic
information is rarely sufficient to assess the biota at spe-
cies or even genus level. This lack of taxonomic resolution
can inhibit ecological research. Thus, DNA is increasingly
used to characterise biodiversity in such unknown faunas
(e.g., Pons et al., 2006; Monaghan et al., 2009; Vuataz et al.,
2011). While many researchers have used DNA solely to
discover (or identify) new species, only a few have addi-
tionally explored fundamental ecological questions (re-
viewed by Valentini, Pompanon & Taberlet, 2009; Joly
et al., 2014). These include microbial ecologists and com-
munity ecologist working with taxonomically difficult
groups or cryptic species (e.g., Craft et al., 2010; Oberteg-
ger, Fontaneto & Flaim, 2012). To our knowledge, no
attempts have been made to investigate stream biotas in
remote and understudied regions in this manner. Yet, a
holistic understanding of distributional patterns of fresh-
water species requires knowledge about freshwater
ecosystems from all ecoregions of the world, stressing the
need for linking molecular and ecological approaches to
expedite the generation of this knowledge.

Little is known about the diversity, distribution and
structure of biotic communities of rivers in the Hindu
Kush-Himalaya. In light of the wide altitudinal range and
varied climatic conditions present in this region, taxo-
nomic richness and diversity are expected to be high for
many aquatic groups, such as hydropsychid caddisflies,
the focal organism of this study. To date, 53 species of
Hydropsychidae have been recorded from Nepal (Mal-
icky, 2006). Identification of species is entirely based on
adults due to the lack of available taxonomic resources for
immature larval stages (Graf, 2006). Moreover, the
absence of diagnostic morphological characters for larvae,
as well as the presence of cryptic species, within the fam-
ily of Hydropsychidae has been reported earlier (e.g.,
Zhou, Kjer & Morse, 2007; Statzner & Mondy, 2009; Geraci
et al., 2010; Pauls et al., 2010). We posit that timely charac-
terisation of Hydropsychidae communities in understud-
ied regions will benefit from using a molecular approach
to recognise species within this caddisfly family.

Hydropsychidae display an interesting serial succes-
sion along the river continuum (e.g., Hildrew & Edington,
1979; Ross & Wallace, 1982; Tachet et al., 1992). Studies
from Europe and North America suggest that this pattern
is mainly driven by altitude, and more precisely tempera-
ture. Other environmental factors proposed to be of

influence include the following: substrate composition
and current velocity, food availability and feeding habits,
competition for net-spinning sites, life-cycles, hydraulic
stress, conductivity and anthropogenic impact (Hildrew
& Edington, 1979; Garcia & Ferreras-Romero, 2008; Statz-
ner & Dolédec, 2011). The large gradients in chemical,
physical and biotic parameters given in the Himalayan
Mountains present an interesting opportunity to study
distributional patterns of larval hydropsychids across an
unprecedented altitudinal gradient, and compare them
with other mountainous Hydropsychidae communities.
We pursue two main aims in this study. First, we pre-
sent an approach for studying community ecology in
poorly known faunas using DNA-based diversity
hypotheses. Second, we exemplify this approach by test-
ing ecological hypotheses on spatial and environmental
patterns of hydropsychid diversity in Nepalese streams.
To achieve these aims, we assess Hydropsychidae diver-
sity using the mitochondrial cytochrome c oxidase I
(COI) gene, which represents the most sampled protein-
coding mtDNA fragment and the nuclear ribosomal
RNA 28S. Both genes can effectively distinguish closely
related species in Hydropsychidae (Zhou et al., 2007;
Geraci et al., 2010). To specifically recognise molecular
operational taxonomic units (MOTUs; i.e. independent
evolutionary units or presumptive species), we
employed three commonly used analytical approaches:
two coalescent-based methods, General mixed Yule-
coalescent model (GMYC; Pons et al., 2006) and Bayesian
Phylogenetics and Phylogeography (BPP; Yang, 2015),
and the distance-based Automatic Barcode Gap Discov-
ery (ABGD; Puillandre et al., 2012a) method. The combi-
nation of multiple approaches was intended to lend
confidence to proposed MOTU hypotheses (Carstens
et al., 2013). We expected to find high levels of biodiver-
sity based on existing knowledge on Hydropsychidae
(De Moor & Ivanov, 2008) and by sampling expansive
altitudinal gradients across a relatively large region in
the Himalaya. Next, we linked the hypothesised MOTUs
to prevailing environmental and spatial variables to
explore distributional patterns and potential differences
in ecological niches among evolutionary units. Specifi-
cally, we evaluated the influence of altitude (also as a
proxy of temperature), river system, network centrality
(i.e. a measure of site connectedness), river network dis-
tance (i.e. direct and along-stream distance between
sites), and conductivity on hydropsychid communities
using statistical regression and correlation methods. We
expected communities to show relatively high turnover
both along the altitudinal gradient and among sites as
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previously observed in headwater streams (Clarke et al.,
2008; Finn et al., 2011; Mdrria et al., 2013). Finally, we
explored community structuring by evaluating random-
ness of MOTU co-occurrences among and within sites
using two common methods in community ecology.
These analyses evaluate if community patterns are influ-
enced by competition (Gotelli, 2000; Sanders et al., 2007)
or environmental processes (Gotelli, 2000; Gotelli &
Mccabe, 2002). Since competition is considered typical in
hydropsychid caddisfly larvae (Hildrew & Edington,
1979; Statzner & Dolédec, 2011), we expected low num-
bers of co-occurring MOTUs at the site scale, and that
this pattern would indicate competitive structuring.

Methods
Sampling

Headwater streams in the Himalayan regions of Central
and Eastern Nepal were sampled from April to June
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2012 and 2013 as part of a larger macroinvertebrate
survey (Fig. 1; Tachamo Shah ef al., 2015; Li et al., 2016).
Hydropsychidae were collected from 34 remote first-and
second-order tributaries of the Langtang, Yangri, Indra-
wati and Arun Rivers between 1400 and 3200 m a.s.l.
Environmental data were obtained on site using a GPS
device (Garmin Etrex, Schaffhausen) for altitude and
geographical position and a portable field meter (Multi
3430 SET F; WTW, Weilheim) for water temperature and
conductivity.

Specimens originate from semi-quantitative Multi-
Habitat Sampling (MHS; Moog, 2007) of 10 pooled
sampling units, taken from all habitat types along a
100-m river stretch. This standardised method increases
repeatability and comparability among sites (Hering
et al., 2004). Benthic samples were collected by kick-
sampling (stationary, sampling from down- to upstream
over 10 different habitat patches) using a hand net (stan-
dard 25 x 25 cm? frame; mesh size 500 pm). All organ-
isms were preserved in 96% ethanol. In the laboratory,
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Fig. 1 Location of the 34 headwater streams sampled along the Langtang, Yangri and Indrawati river systems in Central Nepal (left) and
the Arun River in Eastern Nepal (right). Number of sites and altitudinal ranges for the individual river systems are as follows: 11 sites from
1556 to 3107 m a.s.l. in Langtang; seven sites from 1485 to 2650 m a.s.l. in Yangri; five sites from 1750 to 3148 m a.s.l. in Indrawati; 11 sites

from 1557 to 2307 m a.s.l. in Arun.
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Hydropsychidae larvae were identified to genus follow-
ing Graf (2006).

DNA extraction, amplification and sequencing

At each site, up to 20 individuals covering all collected
size classes of each hydropsychid genus found were
selected for DNA analysis. We sequenced nearly 50% of
all available specimens (Hydromanicus: 35%, Hydropsyche:
63%, Arctopsyche: 76% and Diplectrona: 100%).

Whole genomic DNA was extracted from abdominal
tissue or individual legs using Qiagen DNeasy Tissue or
QIAmp DNA Micro Kits (Qiagen, Hilden) following the
manufacturer’s protocol. Tissue was first placed in Pro-
teinase K and ATL lysis buffer for at least 1 h.

We analysed the mitochondrial cytochrome c oxidase
I (COI) and the nuclear ribosomal RNA 28S. Due to
repeated difficulties amplifying the common COI ‘bar-
code’ region (from here on referred to as COI-5P), we
focussed our efforts for this study on the more variable
downstream region of the COI gene (from here on
referred to as COI-3P). COI-3P has been widely and suc-
cessfully used in numerous studies on aquatic insects
(e.g., Monaghan et al., 2005, Hjalmarsson, Bergsten &
Monaghan, 2014; Vitecek et al., 2015). The following pri-
mer sets were used for PCR amplification and sequenc-
ing: LCO1490/HCO2198 (Folmer et al, 1994) and
LepF1/LepR1 (Hebert et al., 2004) for COI-5P (658 bp),
Jerry/S20 (Pauls, Lumbsch & Haase, 2006) for COI-3P
(541 bp), and D1-3upl/ D3-TRIC-DN (K. Kjer, unpubl.
data) and D2-UP-4/ D2DN-B (Zhou et al., 2007) for 28S
(D1-D3 regions; 1627 bp).

PCR mixes for COI-5P and COI-3P contained 1 uL of
genomic DNA, 1 pL 10x Taq S-Buffer (Peqlab, Erlan-
gen), 1 pL dNTPs (2 um each), 0.25 pL of each primer
(10 pmol), 0.2 pL Hot Taq DNA Polymerase (Peqlab)
and 6.3 pL of sterile H,O in 10 pL. COI-5P PCR ampli-
fication included 35 cycles of 95 °C for 45 s, 50-57 °C
(Zhou et al., 2007) for 30 s and 72 °C for 60 s. COI-3P
PCR amplification included 35 cycles of 95 °C for 60 s,
41 °C for 60 s, and 72 °C for 120 s. PCR mixes for the
285 D1-D3 regions contained 1 pL of DNA template,
1 pL 10x Taq Y-Buffer, 1 pL dNTPs (2 mm each), 0.5 pL
DMSO, 0.2 uL BSA, 0.2 pL of each primer (10 pmol),
0.2 uL. Hot Tag DNA Polymerase (Peqlab) and 5.7 puL
of sterile H,O. 285 PCR amplification included 35 cycles
of 95 °C for 45 s, 60 °C for 45 s and 72 °C for 60 s.

PCR products were visualised on 1.5% agarose gels
and purified in case of the 285 (Qiagen Gel Extraction;
Qiagen). PCR products were sequenced in both direc-
tions on an ABI 3730XL sequencer (Applied Biosystems,

Waltham) at the Biodiversity and Climate Research Cen-
tre, Frankfurt.

Molecular data analyses

Sequence alignment. All sequences were assembled and
edited in Geneious 6.1.6 (Drummond et al., 2010). Mito-
chondrial sequences were aligned with default settings
using the Geneious alignment algorithm; the open read-
ing frame was then verified. 285 sequences were pre-
aligned using MAFFT within Geneious (Katoh et al.,
2002) and manually adjusted using the universally con-
served RNA secondary structure (Kjer, Roshan & Gille-
spie, 2009). We included only sequences with <10%
missing data in the analyses. Alignments are available in
MetaCat (Senckenberg data repository: http://datapor-
tal-senckenberg.de/database/). Sequence information
and detailed specimen records are available from Bar-
code of Life Database (SPHYD project; BOLD, http://
www.barcodinglife.org).

To examine the utility of genetic data to delineate
hydropsychid MOTUs, we constructed six data sets:
COI-3P, COI-5P and 285 with (i) all individual
sequences successfully amplified per gene fragment and
(ii) only specimens for which all three gene fragments
were available.

Tree estimation. As a prerequisite for GMYC and BPP,
we performed Bayesian phylogenetic reconstructions.
We favoured using individual gene trees over a multi-
locus phylogeny due to the limited overlap between all
three data sets at the level of individuals. Sequences
were collapsed into unique haplotypes using a custom
Perl script (Chesters, 2013). The best model of sequence
evolution (Table S1) for each data set and partition
(COIL first, second and third position) was estimated in
MEGA 5.2 (Tamura et al., 2011) and selected based on
the Akaike information criterion (AIC). Ultrametric
single gene trees were calculated in BEAST v.2.3.0
(Bouckaert et al., 2014) running three independent analy-
ses per data set for 100 million generations. We unlinked
substitution rates among partitions, linked clock models
(lognormal uncorrelated clock, coalescent prior) and
topology, and used default settings for all priors. We
plotted log-likelihood scores in Tracer v.1.6 (Rambaut &
Drummond, 2007) to determine stable convergence of
model parameters. TreeAnnotator v.1.7.1. was used to
generate consensus trees (maximum clade credibility;
25% burn-in). We combined independent runs in
LogCombiner v.1.7.1 (25% burn-in) and visualised con-
sensus trees in FigTree v.1.4.0.
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MOTU delineation. To formulate a primary MOTU
hypothesis, we employed the coalescent-based GMYC
and the sequence-based ABGD methods. They were cho-
sen because they do not require any a priori estimate on
the number of expected units. Because of their funda-
mentally different statistical approach comparing the
results of both methods can increase or limit confidence
in those results (e.g., Ratnasingham & Hebert, 2013).
Based on simulations and empirical data, GMYC is con-
sidered a robust delimitation tool (Fujisawa & Barra-
clough, 2013; Schwarzfeld & Sperling, 2015), but some
studies indicate that GMYC has problems with over
splitting evolutionary lineages in cases where fewer than
20% of demes are sampled (Lohse, 2009; Papadopoulou
et al., 2009). Thus, we used the Bayesian species delin-
eation approach BPP to validate the MOTU hypothesis
resulting from GMYC and ABGD analyses.

Overall, we generated six MOTU hypotheses with dif-

ferent loci and delineation methods, i.e. COI-3P, COI-5P
and 285 for both GMYC and ABGD (for details see
below). We assessed congruence among MOTU
hypotheses and calculated a concordance score for each
MOTU. The score shows how often a specific MOTU
was recovered and ranges from one to six (one indicates
that a MOTU was only found once; six indicates that a
MOTU was recovered in all analyses).
General mixed Yule-coalescent model. General mixed Yule
coalescent estimates species boundaries in a maximum
likelihood framework by identifying the transition point
between population-level (coalescent) and species-level
(diversification, i.e., speciation and extinction) processes
(Pons et al., 2006). The transition is estimated based on
the branching pattern in an ultrametric tree. Samples are
divided into n independently evolving units (MOTUs)
with confidence intervals given for each MOTU. We
applied the single-threshold GMYC model that assumes
equal transition from coalescent to speciation for all
MOTUs (Monaghan et al., 2009) to the ultrametric trees
for each individual gene data set (see Sequence align-
ment). GMYC analyses were performed in R Statistical
Software v.2.15.3 (R Core Team, 2012) using the splits
package (Species Limits by Threshold Statistics) (Ezard,
Fujisawa & Barraclough, 2009).

Automatic Barcode Gap Discovery and Barcode Index Num-
ber. The Automatic Barcode Gap Discovery uses a clus-
tering algorithm to distinguish partitions in genetic
distance among individuals, to find a ‘barcode gap’
(Puillandre ef al., 2012a), where intraspecific variation is
less than and discernible from interspecific variation.

Ecological characterisation of caddisflies 5

Initial partitioning is recursively evaluated until all par-
titions possess unimodal distributions. The analysis was
performed online (http://wwwabi.snv.jussieu.fr/public/
abgd/abgdweb.html) using default parameters (range of
a priori intraspecific divergence = 0.01-0.1; steps = 10;
relative gap width = 1.5; Nb bins for distance distribu-
tion = 20; Kimura 2-parameter distances). A similar
application to delineate species based on genetic pair-
wise distances is implemented at the BOLD web inter-
face. COI sequences  (COI-5P)
automatically grouped into Barcode Index Numbers

barcode were
(BINs, analogous to MOTUs), and later compared to our
ABGD and GMYC hypotheses.

Multi-locus delineation using BPP. The Bayesian pro-
gramme BPP analyses molecular sequence alignments
under the multispecies coalescent model. A reversible-
jump Markov Chain Monte Carlo (rjMCMC) algorithm
moves between different species delimitation models by
collapsing and resolving nodes throughout a pre-speci-
fied guide tree, sampling a posterior distribution of spe-
ciation probabilities for each split (Rannala & Yang,
2013). Importantly, the model evaluates if merging of
pre-defined MOTUs improves the model (i.e. leads to a
better MOTU hypothesis). We chose the highest MOTU
count for validation, using both loci including identical
specimens for COI (both fragments) and 28S. Two repli-
cates that varied by rjMCMC algorithm (0 or 1; Rannala
& Yang, 2013) were run with different values for the
gamma shape parameters o and P of effective popula-
tion sizes (0) and species divergence times (1) (Giarla,
Voss & Jansa, 2014). Prior ‘3’ that assigns equal probabil-
ities for MOTUs was chosen because of its suitability for
a large number of species/populations.

Sampling effort. We wanted to assess if our sampling
was adequate to better evaluate the statistical results of
subsequently applied environmental and spatial analy-
ses. We calculated site-based and individual-based rich-
ness estimators and confidence intervals in EstimateS
(Colwell et al., 2012) to assess sampling completeness
regarding MOTUs. Resampling curves reaching satura-
tion were assumed to indicate that sampling sites, and
individuals chosen for sequencing were comprehen-
sively sampled and representative of the present hydro-
psychid communities.

Multivariate environmental and spatial analyses

Regression methods were used to analyse relationships
between MOTU occurrences and the environment.

© 2016 John Wiley & Sons Ltd, Freshwater Biology, doi: 10.1111/fwb.12824
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Specifically, we applied generalised linear models
(GLMs), multivariate regression trees (MRTs) and Man-
tel tests to determine the main environmental and spa-
tial drivers of MOTU distribution. Explanatory variables
used in both GLM and MRT analyses were altitude,
river system, network centrality, and conductivity
(Table 1). Altitude and conductivity were assumed to
reflect environmental factors at the local scale, whereas
river system and network centrality reflected broader
spatial characteristics. Moreover, altitude was used as a
proxy for temperature, supported by a negative correla-
tion between point measurements of temperature and
altitude (pairwise Pearson correlation test: > = —0.753,
P < 0.0001). Network centrality was defined as the mean
river network distance of a site to all other sites within a
respective river system (calculation after Carrara et al.,
2012). We ran multivariate GLMs with the R package
mvabund (Wang et al., 2012) on both presence/absence
and abundance data. We fit separate models to each
MOTU (manyglm function) using the negative binomial
distribution (best fitting family, uses a log-link function).
ANOVA was applied to test for significant effects of
explanatory variables (anova.manyglm function; likeli-
hood ratio test, 1000 resamples). Pairwise Pearson corre-
lation tests performed between explanatory
variables to check for collinearity.

We calculated MRTs using the R package mvpart
(Therneau & Atkinson, 2013). Sites with similar species
assemblages are clustered. Then, each cluster is defined
by a set of environmental values that allow differentia-
tion from the sister cluster. The dependence of clusters
on associated habitats is graphically represented by a
tree. Selection of the tree followed the method described
by De’ath & Fabricius (2000), where the most complex
tree within one standard error of the best tree (based on

were

cross validation) was selected.

Mantel tests (based on Pearson’s product-moment cor-
relation) were performed by correlating community dis-
and Soerensen indices for

similarity (Bray—Curtis

abundance-based and presence/absence-based mea-
sures) with three environment/space distance metrics:

altitudinal, direct-line and river network distance

(Table 1). Distances were calculated for each river
system individually. Altitudinal distance was the pair-
wise difference in altitude between sites. Direct-lines
were calculated using Euclidean distances between site
coordinates. River network distance was manually
assessed using Google Earth following the river network
between sites (because GIS layers were lacking for these
first- and second-order streams). We performed tests
with the R package ecodist (Goslee & Urban, 2007)
using the mantel function (1000 permutations). Spatial
distance matrices were additionally tested to account for
auto-correlation.

Community structure analyses

Examining co-occurrence patterns among habitats pro-
vide information on the abiotic or biotic processes
determining species assemblages. Checkerboard scores
(Stone & Roberts, 1990) and the Mean Nearest Taxon
Distance (MNTD; Webb ef al., 2002) algorithm were
used to test if MOTU co-occurrences among and within
sites were non-random using an MOTU by site pres-
ence/absence matrix. The checkerboard score statistic
(C-score) tests for co-occurrences in the data matrix,
referred to as checkerboard patterns (Gotelli, 2000).
Observed C-scores that are greater than expected by
chance, with greater effect size (z-score), indicate com-
munity segregation (i.e., there are fewer co-occurrences
than expected). Observed C-scores less than expected
by chance (negative z-score) indicate community aggre-
gation (e. greater than
expected). The C-score was assessed using the ‘nested-
checker’ function and examined in relation to a null
model using the ‘oecosimu’ function, both implemented
in the R package vegan (Oksanen ef al., 2013). The
‘quasiswap’ null model algorithm of Miklés & Podani

there is Co-occurrence

(2004) was employed where MOTU occurrences and
sites are initially fixed and two by two matrices are
swapped based on the ‘quasiswap’
(burnin = 50 000; nsimul=10 000). C-score metrics were

algorithm

calculated both among overall community samples and
within individual river systems.

Table 1 Environmental and spatial parameters used in statistical regression analyses given as range for each river system.

Altitude Network Conductivity Altitudinal River network Euclidean
River system (m as.l) centrality (S em™) distance (m) distance (km) distance (km)
Langtang 1556-3107 0.121-0.330 23-134 14-1551 0.550-15.924 0.106-12.772
Yangri 1485-2650 0.155-0.495 31-54 78-1165 0.493-6.667 0.248-5.203
Arun 1557-2307 0.089-0.359 10-78 7-593 0.614-25.330 0.216-18.830
Indrawati 1745-3148 0.097-0.145 21-38 127-1387 2.152-12.022 0.385-7.183
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Within sites, observed phylogenetic relatedness was
compared to the pattern expected under a null model of
phylogeny and community randomisation by calculating
the MNTD. Phylogenetic overdispersion (co-existence of
distantly related MOTUs) is indicated by positive and
underdispersion (co-existence of closely related MOTUs)
by negative effect size. Analysis of phylogenetic over-
and underdispersion was performed in R using the
package picante (function ses.mntd; Kembel et al., 2010),
evaluating relatedness across all MOTUs and within
individual genera. The analysis requires an inference of
phylogenetic relationships among MOTUs. We used
*BEAST in BEAST v.2.3.0 (Bouckaert et al., 2014) to cal-
culate a phylogenetic species tree based on all specimens
available for COI-3P and 28S (173 individuals plus two
outgroup taxa). Sequences were assigned to putative
species based on the COI-3P MOTU count as our best
MOTU hypothesis (see Results). Nucleotide substitution
rates were estimated as described earlier (Table S1) and
unlinked across the two loci and mtDNA partitions. We
ran two independent analyses for one billion generations
under a relaxed lognormal uncorrelated clock (linked)
using a Yule species tree prior (default settings for all
priors). Stable convergence of parameters and congru-
ence of independent runs was assessed as described
above.

Results
MOTU delineation

Overall, the sequencing success varied greatly among
gene fragments. We analysed 484 individuals for a total
of 471 COI-3P, 128 COI-5P and 173 28S sequences (84
individuals sequenced successfully for all three gene
fragments; Table 2).

Primary species delimitation with GMYC and ABGD
resulted in very similar (£1-2) or identical MOTU
counts within loci (Table 2), whereby fewer MOTUs
were found with the nuclear marker. Congruence
between the mitochondrial and nuclear marker, i.e. the
placement of individuals into MOTUs, was nearly per-
fect: mitochondrial MOTUs were generally clumped
together in 28S and only one single individual was dif-
ferently placed. Within single fragments, GMYC and
ABGD were highly congruent, i.e. clumped MOTUs but
never assigned specimens to different MOUTSs. Identical
results were obtained with the ABGD and BIN algo-
rithm (BIN is based on COI-5P only). Delineation results
and concordance scores for the MOTUs derived from
COI-3P are summarised in Fig. 2. For more details on

© 2016 John Wiley & Sons Ltd, Freshwater Biology, doi: 10.1111/fwb.12824

Table 2 Mitochondrial and nuclear sequence variation and results of ABGD and GMYC species delimitation methods. N, total number of sequences; bp, aligned matrix length; K,

number of haplotypes; Pi, parsimony informative sites (%); (Napcp), the number of MOTUs recovered with ABGD method; P, limit to intraspecific divergence (barcode gap); T,

threshold genetic distance from the branch tips where transition occurred; (Ngmyc), the number of MOTUs recovered with the GMYC method; CI, confidence intervals. Likelihoods

are presented for null (Ly) and GMYC (Lgmyc) models. Significance of the likelihood ratio (LR) was evaluated using a chi-square test to compare GMYC and null models (*P < 0.05;

*P < 0.01; **P < 0.001).
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GMYC model fits and single gene trees, see Figs 51-54.
Within the reduced data sets (84 specimens), the highest
recovered MOTU count was 17 (COI-3P, GMYC method;
Table 2). Validation with BPP supported this mitochon-
drial-based MOTU hypothesis; posterior probability for
18 units (17 MOTUs and one outgroup taxa) was highest
in the majority of tested models using different parame-
ter values (Table S2). Based on this result, and the fact
that we covered the most specimens with the mitochon-
drial COI-3P marker, we were confident to consider
the COI-3P-based MOTU count of 28 as our best esti-
mate of diversity. We will, thus, illustrate distributional
patterns on the basis of this MOTU hypothesis (see
results below). Overall, Hydromanicus (11 MOTUs) and
Hydropsyche (10) were found to be the most diverse gen-
era followed by Arctopsyche (four) and Diplectrona
(three). Resampling curves estimating individual-based
MOTU richness reached saturation (Fig. S5a), but site-
based estimates did not show a stable plateau (Fig. S5b).

Multivariate environmental and spatial analyses

Regression methods were applied to all community data
sets (N =10) resulting from the analysis of different
gene fragments and delineation methods. Test statistics
were very similar across data sets despite variation in
MOTU communities. Significant effects of altitude and
river system were found in all evaluated data sets, and
network centrality was additionally important in most
cases (GLM; Tables S3 & S4 for coefficients). Explanatory
variables were not significantly correlated (Table S5).

The best predictive MRT models had little explanatory
power in distinguishing hydropsychid communities in
general. To improve ecological relevance, we chose the
most complex trees within one standard error of the best
predictive trees. Resulting trees varied in the number of
leaves (2-6), but primary splits were always explained
by river system or altitude (Table S6).

Mantel tests revealed contrasting patterns in the most
important distance metrics linked with communities
within individual river systems (Table S7). In the Lang-
tang river system, altitudinal distance was significantly
correlated with community dissimilarity in all data sets.
None of the distances were important in Yangri. In the

Indrawati and Arun river systems, significant distances
were altitude and/or river network. However, the
strength of correlations varied greatly across data sets.
Significant auto-correlation of distance matrices within
these two river systems was likely influencing these
heterogeneous results (Table S8).

Distributional patterns were further illustrated using
our best estimate of diversity (COI-3P: 28 MOTUs) to
visualise the importance of statistically significant vari-
ables (Figs 2, 3, S6 & S7). This choice was considered
well justified based on the coherent ecological patterns
revealed by environmental and spatial analyses. Gener-
ally, community composition varied along the altitudinal
gradient, with many MOTUs displaying restricted altitu-
dinal ranges (Figs 2 & 3). Numbers of regionally over-
lapping MOTUs were relatively low across all data sets.
That is, high levels of MOTUs (up to 70%) are restricted
to certain river systems (Figs 3 & S6; see Fig. S7 for com-
munity composition in relation to river network posi-
tion). Altitudinal range and regional overlap did not
seem to be a function of sample size, i.e. the more abun-
dant MOTUs did not tend to be the more widely spread
(Fig. 2).

Community structure analyses

Overall, sampling sites were characterised by relatively
low levels of co-occurring MOTUs. We used our best esti-
mate of MOTU diversity (COI-3P; 24 MOTUs within the
173 individuals successfully sequenced for both COI-3P
and 28S) to statistically evaluate community structuring.
Checkerboard analysis showed non-random structuring
at the within-catchment scale for Langtang river system
(Table 3). Greater observed C-scores than simulated
indicated less co-occurrence than expected by chance
(MOTU segregation). Co-occurrence was non-significant
in the remaining individual river systems as well as in
the combined analysis of all river systems.

Taking phylogenetic relatedness into account, co-exist-
ing MOTUs showed a mixed picture of over- and
underdispersion (positive and negative effect sizes). How-
Indrawati
co-occurring MOTUs significantly more closely related
than expected by chance (Table S9). Analysing only

ever, only in the river system were

Fig. 2 Bayesian maximum clade credibility tree of 28 Hydropsychidae MOTUs (85 haplotypes) recovered with the mitochondrial COI-3P
marker. Each MOTU is coded with a concordance score, i.e. the number of markers (COI-3P, COI-5P, 28S) and delineation methods (GMYC,
ABGD) supporting a specific MOTU, ranging from one to six. MOTUs without missing data (included in all data sets) are marked with an
asterisk. River system and altitudinal range is indicated with filled circles presenting presence and empty circles absence; number of speci-
mens per MOTU is indicated in the last column. Values on branches indicate posterior P > 0.95.

© 2016 John Wiley & Sons Ltd, Freshwater Biology, doi: 10.1111/fwb.12824
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Fig. 3 MOTU composition changes among 34 Hydropsychidae communities along the altitudinal gradient in the Langtang, Yangri, Arun
and Indrawati river system based on the COI-3P data set (28 MOTUs composed of 471 individuals).

Table 3 The null model analysis of MOTU co-occurrences recov-
ered in the COI-3P data set. Positive and negative effect size indi-
cates species segregation and aggregation, respectively.
Checkerboard units, observed and mean C-scores, P-values and
effect size are shown. Results are based on 10 000 permutations.
Significant P-values are indicated using bold font.

Checkerboard Observed Mean Effect
Data set units C-score C-score P-value size
Overall 1750 6.341 6.109 0.063 2.040
Langtang 113 0.409 0.319 <0.001 4.595
Yangri 37 0.134 0.144 0.870 —0.688
Arun 143 0.518 0.486 0.235 1.337
Indrawati 29 0.105 0.095 0.093 2.144

MOTUs from genus Hydropsyche revealed the same signal.
The analogous analysis based on genus Hydromanicus
MOTUs showed non-significant structuring at all sites.
The phylogenetic species tree could not resolve basal rela-
tionships between genera (Fig. S8). However, tip nodes

within clusters and nodes immediately separating clusters
were mostly well supported. Effective sample sizes (ESS)
>100 were obtained for likelihoods and continuous
parameters relevant to the topology in the combined
traces of the two independent MCMC chains.

Discussion
Estimation of MOTU diversity

We used molecular sequence data to describe the diver-
sity of an unknown fauna of larval hydropsychids in
Nepalese headwater tributaries. We expected to find
high levels of diversity given the large altitudinal gradi-
ents covered with our sampling and the known species
richness within Hydropsychidae in general (De Moor &
Ivanov, 2008). Our findings supported this hypothesis
indicating the presence of a diverse community. More-
over, site-based richness estimation suggested the exis-
tence of unsampled diversity within sites. Many MOTUs

© 2016 John Wiley & Sons Ltd, Freshwater Biology, doi: 10.1111/fwb.12824



were found to be rare, a common feature of stream com-
munities when assessed at high taxonomic resolution,
such as species level (Woodward et al., 2002; Wagner
et al., 2011, Mdurria et al., 2015). For the purpose of
MOTU delineation, however, rare taxa could increase
artificial splitting of evolutionary lineages due to insuffi-
cient taxonomical and geographical sampling (Lohse,
2009; Papadopoulou et al., 2009).

Generally, species boundaries defined based on phy-
logeny and morphology have been shown to correlate
relatively well in various taxonomic groups (including
Trichoptera: Zhou et al., 2007; Pauls ef al., 2010; Salo-
kannnel, Rantala & Wahlberg, 2010; Statzner ef al.,
2010; Previsi¢ et al., 2014). Here, we used a species
concept, where closer relationships between specimens
belong to the same species/MOTUs than to specimens
from other species/MOTUs. This concept was tested
using both mitochondrial and nuclear markers with
different levels of sequence variation. As expected, this
led to differing levels of MOTU resolution (Ahrens,
Monaghan & Vogler, 2007, Monaghan et al.,, 2009).
However, both markers were highly congruent, with
only a single specimen placed into different MOTUs
by the various different analyses. Thus, we conclude
both mitochondrial and the nuclear loci to be suitable
for establishing meaningful MOTU boundaries in
Hydropsychidae in line with findings by Zhou et al.
(2007). It should be noted, however, that MOTU confi-
dence intervals based on 285 were wide. This sug-
gested the transition from speciation to coalescent
events to be rather indistinct, potentially resulting from
recent and rapid divergence relative to the rate of evo-
lution in this genetic marker (Reid & Carstens, 2012).

The combination of multiple delineation approaches
provided confidence in proposed MOTU estimates.
Within single loci, we found perfect congruence
between the coalescent-based GMYC and the ABGD
method, and, in line with other studies, only slight dif-
ferences in levels of diversity (e.g., Puillandre et al.,
2012b; Hendrixson et al., 2013; Schwarzfeld & Sperling,
2015). The Bayesian method BPP further supported our
best MOTU hypothesis but was unable to rule out
uncertainty as the model entailed specification of a
pre-defined species tree (Satler, Carstens & Hedin,
2013). Now, a logical next step would be to assess the
congruence of the recovered MOTUs with existing
species hypotheses based on the larval-adult associa-
tions using integrative taxonomy (Zhou et al., 2007,
2016; Pauls et al., 2010). Unfortunately, a sufficient
collection of adult male specimens is currently not
available to us.

Ecological characterisation of caddisflies 11

Environmental and spatial drivers of distribution

We explored environmental and spatial drivers of distri-
bution among different MOTU hypotheses. Perhaps most
importantly, we found ecological results to be highly
consistent across evaluated markers and delineation
methods. The fact that differences in COI and 285 com-
munities did not translate to different ecological patterns
is highly interesting and somewhat unexpected. It is con-
ceivable that the size and resolution of the environmental
data might play a role, i.e. larger, fine-scale data records
could be more sensitive to species resolution. However,
the congruence lends confidence to our interpretation of
distributional patterns and ecological niches and shows
that ecological analysis of MOTU-based communities is
robust independent of the gene fragment(s) or delimita-
tion methods used, when dealing with the available data
resolution in remote areas.

We initially hypothesised MOTU communities would
show relatively high turnover along altitudinal gradients
given the large elevation range sampled. Note that our
sampling focused on first- and second-order tributaries
over a wide range of elevations and does not cover sam-
ples along the river continuum. Altitude was found to be
strongly linked to MOTU distribution in the entire study
region and specifically so in the Langtang river system.
These findings highlight another key structuring gradient
for hydropsychids (altitudinal structure) in addition to
the well-studied successional gradient of hydropsychids
along a river course (e.g., Ross & Wallace, 1982), poten-
tially reflecting adaptation to different temperature
regimes (Hildrew & Edington, 1979). Temperature has
generally been viewed as an important factor shaping dis-
tribution of aquatic invertebrates by influencing physio-
logical responses (Vannote & Sweeney, 1980). In addition,
dissolved oxygen, current velocity or other altitude-
dependent parameters, for which we were unable to col-
lect enough data, were previously observed to drive suc-
cessional patterns in hydropsychids (e.g., Hildrew &
Edington, 1979; Tachet et al., 1992). Besides environmen-
tal characteristics, we included the spatial parameters
river network distance and network centrality in our anal-
yses to describe habitat connectivity, given their impor-
tance in shaping stream community composition (e.g.,
Altermatt et al., 2013). Within river systems, we observed
close sites to be faunistically similar and probably
connected by dispersal. However, this pattern was not
consistent across statistical analyses or data sets, compli-
cating conclusive statements on the level of influence that
network position has in different headwater streams in
Nepal.

© 2016 John Wiley & Sons Ltd, Freshwater Biology, doi: 10.1111/fwb.12824



12 F. Hoppeler et al.

At the whole basin scale, we expected headwater
communities to show high turnover among sites. This
reflects the findings of Finn et al. (2011), who com-
pared population-genetic and whole-community diver-
sity between headwaters and downstream sections,
reporting higher levels of $-diversity in upstream
reaches. They concluded headwaters to contribute
strongly to basin-wide biodiversity through high spe-
cies turnover attributed to habitat heterogeneity and
landscape barriers (Brown & Swan, 2010; Mdurria et al.,
2013). We found high turnover among sampled Hima-
layan streams leading to high levels of endemism. In
comparison to the study by Murria ef al. (2013) on
Mediterranean Hydropsyche, we observed turnover at
much smaller geographical scales. Even close-by river
systems like Langtang, Indrawati and Yangri feature
unique, possibly endemic MOTUs. This could poten-
tially result from the different topographical situation
in the two study regions, where the higher mountains
in the Himalayas may restrict migration more strongly
than the mountains of Europe. However, regional
restriction was not always the case: Hydromanicus 07
was found across the entire study region showing no
signs of regional or altitudinal structuring. Such wide-
spread (e.g., Graf et al., 2008) and genetically uniform
(Lehrian, Pauls & Haase, 2009) montane hydropsychid
taxa are present in other regions, such as central Eur-
ope and the Alps.

Drivers of community structure

Within our hydropsychid communities, we expected to
find low levels of MOTU co-existence with non-ran-
dom structures mainly driven by competition (Hildrew
& Edington, 1979; Statzner & Dolédec, 2011). We found
evidence for a segregated pattern of co-occurrence in
the Langtang river system that is consistent with either
competitively (Gotelli, 2000; Sanders ef al., 2007) or
2000; Gotelli & Mccabe,
2002) structured communities. Both mechanisms are

environmentally (Gotelli,

conceivable, but difficult to disentangle. At the level
of individual sites, hydropsychids are expected to
occupy different micro-niches (e.g. different net-spin-
ning sites with varying flow conditions) to ensure
stable co-existence (Hildrew & Edington, 1979; Statzner
& Dolédec, 2011). To assess the influence of competi-
tion and habitat filtering at this scale, we evaluated
phylogenetic relatedness of MOTUs. The species tree
was unable to resolve all relevant nodes so that find-
ings need to be interpreted with caution, but the analy-
sis revealed random phylogenetic structure in the

majority of cases. Interestingly, the majority of sites
were occupied by MOTUs from different genera that
are likely to have distinct habitat preferences. How-
ever, we found no strong statistical evidence of compe-
tition in
Hydropsychidae, contrary to our expectations.
Ultimately, the goal of our study was to present an

structuring Nepalese communities of

example that unknown faunas can be characterised eco-
logically based on a DNA sequence-derived assessment
of diversity and community composition. We posit that
this approach offers a better approximation of diversity
at the ecologically relevant taxonomic level of species (or
an approximation thereof), than working at family or
genus level. DNA sequencing, particularly meta-barcod-
ing, has the potential to readily generate large data sets
at these lowest taxonomic levels, which are a prerequi-
site for asking many ecological questions. Given their
reliance on detailed biodiversity data, researchers in
isolated regions with poorly understood taxonomy are
faced with great challenges when addressing ecological
questions. A practical approach for studying the ecology
of understudied regions is needed and could include
DNA sequence-derived community data. The robustness
of the approach presented here was emphasised by high
concordance of environmental and spatial drivers of
communities when applying different marker systems
and species recognition methods. We do not see this as
a reason for bypassing integrative taxonomy to progress
in ecological research; on the contrary, we strongly pro-
mote ‘mutualism of ecologists and taxonomists’ (Shel-
don, 2016) our understanding of key
ecological and evolutionary processes in hitherto under-
studied ecosystems.

to further
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